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1. EXECUTIVE SUMMARY 

The National Renewable Energy Laboratory (NREL) under liie direction of he Office of Fuels 
Development at die U,S, Department of Emergy has, over the years, developed a process for 
converting cellulosic biomass to fiiel etbanol ba$ed on NREL and subcontracted research and 
standard engineering practices. Three specific variations of Ae. process were considered for the woric 
in this subcontract Pietreatment wifli Enzymatic Hydrolysis (PICO), Two-Stage Countercurrent Acid 
Hydrolysis (F200), and Two-Stage Dilute Acid Hydrolysis (P300). 

In Process lOOi biomass feedstock in chip fono is introduced to the plant and screened. The chips are 
passed to a scalper screen to remove very largp materials and then onto a chip ^ckness sizing screen. 
We assume dmt approximately 20% of fte jnoomix^ material will be oversized and will require 
processing through a singe disc refiner system. The disc refiner reduces oversized material to less 
dian 19 mm, suitable for the pietreataient reactors. The biomass is pretreated to make it more 
susceptible to add penetiation. During pretreatment, much of the hemicellulosic portion of tiie 
biomass is hydrolyzed into soluble sugais in a continuous hydrolysis reactor. This reactor uses steam 
and dilute sulfiiric add to initiate hydrolysis. Afterwards, die hquid portion of tiie pretreated slurry 
must be separated fixm tiie solid|s to fiunHlate oondMomng of die liquid portion to remove 
compounds, such as acetic add, that may be toxic to downstream fermentative organisms. Once die 
liquid stream is conditioned prq^edy (most likely via ion exchange and overliming), it is recombined 
with the solids and sent to fennentatimiu 

This process uses simultaneous saccharification and co-fementation (SSCF) to hydro^e cellulose 
and femient the resulting glucose and other sugars present to ethanol in the same ves^l. As this 
design currently stands, a portion of die pretreated hydrolysate is drawn oS and used to produce 
ceUulase enzyme. The enzyme is then added to the fermentation vessels. A recombinant edianologen 
is used to ferment multiple sugars to etfaanoL The resulting beer is dien sent to distillation and 
dehydration to purify and concentrate the ethanol The Ugnin portion of the original biomass gets 
earned dirough die system and &dts with die distillation bottoms. This Hgnin is used as fuel for the 
bumei/boiler system in die plant As a result, it must be dewatered su£Sdendy to adiieve proper 
combustion. 

Process 200 uses no add in die first stage and a countercurrent reactor design in the second stage of 
hydrolysis to convert the hemicellulose and a large portion of . die cellulose in the biomass to soluble 
sugars. The second-rstage reactor separates the solids and liquor containing dissolved sugars. The 
solids are sent to die boiler and die Uquid is sent to die oUgomeric reactor and flash tank. The liquor 
is dien neutralized and sent to femientation. The back end of the process is die same as Process 100, 
but the process stream is liquid only. 

Processes 2(K) and 300 differ fiom PlOO in that no enzymes are used. All hydrolysis is accomplished 
dieimochemically; / In die first stage of hydrolysis, the hendcellulosic portion of die biomass is 
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hydrolyzed to soluble sugars. These sugars must then be washed from the sluny prior to the second 
stage of hydrolysis or else they will be degraded at the more severe conditions. The soluble sugar 
stream is neutralized (with stoichiometric amounts of lime) and sent to fi^entation. The solids 
stream, primarily celhilose and lignin, is sent to the second stage of hydrolysis to fijrther hydrolyze 
cellulose to glucose. After hydrolysis tfiis stream is also sent to fermentation. The back end of the 
process is the same as Process 100. 

Separation of solids fiom liquid streams and ^aslung of the separated solids are required in die PlOO 
and P300 processes. Liquid/solid separatiom is also required after distillation in the PlOO process. 
NREL contracted with Harris Group Inc. (HGI) to do an interactive study with NREL engineers to 
identify liquid/solid sq>aration equipmoit suited to achieve the prcM)ess goals^ &c3itate testing of 
that equipment, and develop associated costs for equipment alternatives that satisfy those goals. 

The basis for the design and equipment sizing is a biomasa feed rate of 2000 dry medic tons per day. 
Testing was done utilizing hardwood chip feedstock. Other feedstocks, including com stover, sugar 
cane bagasse, softwood chips, mi rice straw, will probably be commercialized before hardwood 
chips. 



The process objectives for liquid/solid sq>aration equipment fat PlOO post-distillate slurry are 
to minimize moisture in solids as well as minimize/solids in the sepsoated liquid. 
Centrifiiges at Baker Hughes and Alfa Laval were teste^flC Pneumapress pressure filter was 
also tested. Hie pressure filter produced cake solids of ^%]by weight witii total liquid solids 
of 2.97%, while the centri&ges produced cake betweenS20% and 26% solids wiA total liquid 
solids of 4.27% by weight Bas^ on budg^aiy equipment quotations, the estimated 
installed- cost for an A1& Laval centrifuge system is $8,800,000. Tl^ estimated installed cost 
for the Pneumapress system is $8,100,000 with an estimated average power demand of 
830 kW and an estimated aimual power cost of approximately $332,000. The Pneumapress tii 
pressure filter is recoixmiended as tdte best equipment for this application based on testing and tl 
equipment evaluation done to date. 

i«2 Process PlOO .AnB&Ibiamt IPiressiiiiir® ILiIq]wild!/§<a)M Sepsuradoiia 

The process objective for liquid/solid separation for Process P1(K) is to minimize ac^ add 
canyover in the solids while limiting the wash water to 132,000 kg/hr (equals 0.S8 lb watei/Ib 
feed based on 230,545 kg total feed to liquid/solid separation). An acetic add level of 
3.3 g/kg in solids was ^tablished as the requked maximum with 1.65 g/kg as the desired 
level. Two horizontal bdt filters, a pressuire filter, and a filter press were tested. 

The prq3osed Black Clawson horizontal bdt filter would limit acetic add carryover in solids 
to 1.7 g/kg with 300,000 kg/hr (1.29 lb water/lb feed) of wash water and an estimated 
installed cost of $27,000,000. The projected wash water flow significanfly exceeds the | 
132,000 kg/hr limit Bla(& Clawson utilized test results to project the number of wash stages 
required to achieve the required ac^c removal effidency. 

The proposed Baker Hughes horizontal belt filter used two stages of countercurrent washing 
to meet the targets for acetic add in tiie final cake. Baker Hughes has not provided data 
defining the q)ecific amount of acetic canyover m solids. The amount of wash water 
required is 1144 gpm, which is 15% above the maximum wash filtrate (989 £pm) aUowed. 
The e^innated installed cost of this option is $6,300,000. 



1.1 Fost-Bistdltete LiqBad/SiOiliM ' 
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The Pnoimapiess pressure filter produced a residual acetic add level of 0.9 g/kg» which is 
below both the required and desired acedc acid levek This acetic acid residual was achieved 
with 0.58 lb of wash water per lb of feed (or 133,000 kg/hr of wash water). The wash water 
flow is also very close to tl^ wash viBltcr Tnaximum required. The estimated installed cost of 
a Pneumapress pressure filter is $8,500,000 with estimated average power demand of 980 kW 
with an annual electrical power cost of $392,000. 

The Pneumapress pressure filter is recommended as the best equqnnent for this application 
based on testing and equiinnent evaluation done to date. 

1.3 Process P300 Ambient Pressure Liqnid/Sottd Separation 

The process objective for liquid/solid sq)arBtion for tiie P300 process is to maximize sugar 
recovery firom die solids with 95% removal solids required and 98% removal desired. Two 
horizontal bdt filters^ a pressure filter^ and a filter press were tested. 

The proposed Black Clawson horizontal belt filter with six wash stages would remove 95% 
of the sugar in the solids. The estimated installed cost of the equipment is $49,700,000. 
Black Qawson utilized test results to project die number of wash stages required to achieve 
die required sugar removal efficiency. 

The proposed Beker Hughes horizoatal bek fiUer, with two stages of countercurreot washii^ 
removed 95% of the sugar in the solids. This would require 1 144 gpm of wash water, whidi 
is slighdy above the niflvmnitn wash filtrate (1065 a>m) allowed. To mcrease the sugar 
tecoveiy to 98% would require three stages of washing and 2204 gpm of wash filtrate. The 
estimated installed cost of ti^ option is $6^00,000. 

The proposed Pneumapress pressure filter would produce 97% sugar recovery. The estimated 
installed cost for a system with Pneumapress pressure filters is $8^00,000 with estimated 
annual electdcal power cost of $392,000. 

The Pneumapress pressure filter is recommended as the best equipment for Ais application 
based on testing and equipment evaluation done to date. 

1.4 Process PICO Elevated Temperature Liquid/Solid Separation 

Testing of a Pneumapress bench scale unit took place at MREL's facilities in Golden, 
Colorado. No quantitative analyses were done on resultant filtrate or cake solids from these 
tests. However, &om qualitative observation, the results appeared to be promising. NR£L 
has plans to perform some general liquid/solid separation on a pilot scale Pneunapress filter. 
If those tests are successfiil and if funds are available, a pilot scale unit would be purchased 
This unit would be capable of operating at elevated temperature and pressure conditions. 



2. OBJECTIVES 

The key objective of tiiis work is to improve die process design and accuracy of the estimate for 
segments of die process requiring Uquid/solid sq>aration. NREL CTgineecs will incorporate the 
results of tins stu(^ into the NREL model with the assistance of HGI. The design estimate is far the 
**NA*' plant to be built in order to elimmate costs associated with a *'one-of-ldnd'* or first system built 
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3. DISCUSSION 



liquid/solid sq)aiatioii is requiied in die following process locations: 

• After distillation in Process PlOO 

• After first-stage bydiolysis reactor elevated temperature and pressure. Processes PlOO and P300 

• After first-stage bydrofysis reactor ambient pressures, Processes PlOO and P300 

All equipment considered for fliese process applications is current technology, commercially 
available, and in use in o&er industries in similar liquid/solid separation process functions. 
Report 10600/2, liquid/Solid Separation Vendor Conq)anson, outlines ^ basis for equipment and 
vendor selection and can be found in Appendbc F. 

Tb& foUomng sections discuss process objectives; equqnnent options; test results; equipment-specific 
information includii^ size, operating principles, and expected perfimnance based on test data; as well 
as power requirements and the capital costs associated widi each equipment option; 

3*1 LiqnidASoUd Separation Equipment 

A range of liquid/solid separation equipment was bench scale tested for die various process 
applications. Following is a brief description of each equipment type. 

3.1.1 Centrifiiee 

The decanter-type centrifuge use centrifugal force to accelerate the sednnentation 
of solid particles to be separated torn a liquid The suspension to be treated is 
fed into a rotor composed of a bowl and screw. These tum at high speed, die 
screw slightly &ster than the bowl. The screw conveys land evacuates the 
decanted solids toward die conical end of the bowl while the clarified Uquid is 
evacuated from the opposite end. Decants centrifuges provide continuous (as 
opposed to batdi) prooessmg of shmy mixtures. 




FIgura 1. Centrifuge (Alfa Laval) 



3.1.2 Filter Pie?s 

Filter presses (also called plate and finme presses) operate m a batch mode. First, 
a pneumatica^ controlled hydraulic pmsp appHos high pressure to securdy 
dose die plates and seal diem agunst mtemal bypass and/or excessive external 
leakage. As die illustration indicates, wet slurry is diea pumped in dnpug}i the 
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center inlet and forced into chambers, which are formed by the vertically oriented 
matching recessed plates- The pumping action serves as the motive force to 
provide liquid/solid separation. 

Vendors of this equipment offer various enhancements including diaphragm 
expression^ heated water diaphragm expression, vacuum evaporation of liquid 
from the cake. Cake washing can be accomplished by introducing wash water to 
the cake after dewatering. Each plate has a filtrate drainage area that is covered 
wiA a dodi fitor media that traps particles. As the solids build up, they act as 
filter medium, allowing only clear filtrate to pss through for discharge toough 
the outlet ports. As tbe chambers fill wifli cake, the differential pressure 
increases to the maximum design limit and flie stream of filtrate reduces. The 
plates aie opened atthe end of a filtration cycle and the csdce is discharged. 

Filter presses are used in a wide range of applications including minerals, 
pharmaceuticals, raunidpid sludge, and gypsum. Liquid/solid separation 
performances of filler presses vary significantly wifii 4e characteristics of tiie 
solids. In genersd, inorganic materials such as gypsum can be dewatoed to 
higher degree than organic material. Size ranges of machines can vary fcom 2 fr 
offikerarea to over 10,000 of filter area. Filter presses can often obtain dryer 
cake solids than otha: types of liquid/solid sejwration equipment However, they 
are batch operation, can have large ^ce requirements, md tend to be somewhat 
more expensive than alternative technologies. Because there is no positive 
TT!Pfh^is^ for lemoviiig cake fiom fiteCT presses, cake release characteristics 
should be verified for use of this eqi^ment It is posiable to wash cal^ solids m 
a filter press by adding a wash cycle to fiie operation. Because the cake is 
oriented verticaUy, *'short cironting'' of wash Uquid can occur. 




R0ure2. Filter Presfr (generic) 



3.1.3 Belt Filter Pcess 

A belt filter press is a dewatering device fliat applies mechanical pressure to 
slurry. The slurry is sandwiched between two tensioned belts by passing those 
belts through a serpentine of decreasing diameter rolls. Ihe coachine can actually 
be divided into fliree zones: gravity zone, where fiee draining water is drained 
}3y gravity through a porous belt; wedge zone, where die solids are prepared for 
pressuciB application; and pressure zone, where medium, ttien high, pressure is 
appUed to 4ie conditioned solids. 

Typically, a belt filter press receives a slurry ranpng fiom 1% to 4% feed solids 
and produces a final product of 12% to 50% cake solids. Performance depends 
on l^e nature of the solids being processed Belt presses are commerdaUy 
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available in widdis up to 3 meters. They are used in a wide range of industries 
including pulp and paper» municipal sewage sludge, and minerals processing. 
Advantages indude continuous operation as opposed to batch and relatively low 
. initial cost Filter belts can be a significant operating cost, particularly where 
abrasive solids are being dewatered. Belt presses tend to obtain lower cake solids 
than other dewateiing methods including fher presses, pressure fQters, and in 
some cases centrifuges. Because of their *'open" design, hooding and ventilation 
systems are required to contain fumes, odor, and moisture. 




Figures. BeK Press (generic) 



3.1.4 Horizontal Belt Filter 

Horizontal belt filters operate in a continuous mode. These machines are best 
applied where washing of solids is required. Dewatering is acconq)lished at each 
wash stag? wi& vacuum applied to the cake tiirou^ the filter metUa fixnn below. 
Both Thermo Black Glawson and Baker Hughes make horizontal belt filters. 
While construction details of these machines differ significandy, both use similar 
principles of operation. Feed is introduced to a filter belt C^wire** - see note 
below). liquid is extracted ttsougfh the filter belt, while solids are retained on 
the belt Shower water is applied to solids to remove sugar and/or acetic acid 
utilizing multiple-stage countercurrent washing. Solids are discharged onto a 
conveyor. These niachines can pnmdeUg^ washing effidency with a rdatively 
low wash-water-to-solids ratio. liquid-to-solids waih ratios vary significantly, 
depending on tbs characteristics of die soUds. 

Note : Wire is a temi used in the pulp and paper industry for the &bric media 
used to support and dewater incoming shirries. Fabric composition is typically 
syn&etic Sbcr such as polypropylene that is suitable for the chemistiy and 
temperature of the application. 
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BELT IJlJilEllMiCXtESS 




Tit Vi \v. r^ui I. <*i if- - 

Rgura 4. Horizontal Belt HItor (Thenno Black Clawson) 



3.1.S Pntaimmtess Pressure Filtaer 

A Pneumapress pressure filter operates in a batch mode. Slurry is pumpedmto 
cavities fimned by multiple horizontaay oriented plates. Air pressure applied to 
solids captured ott fitter media drives Uquidfi»m the solids cd^ T»P«ssare 
filter provides batch HqiMsolid separation as follows: 

Shitry is pumped into filter chambers formed by lowering the u^Jer plate 
onto file filter media. Filtrate is collected at the lower plate and flows out 
Enough die filter oiutlet 

Compressed ar or ^ forces the liquid firan fte teSadi retaned on die 
filter medifr and dries die solid "cake." The cake may be washed ater 
initial Uquid/solid separation. 

The uppa plate raises and die filter media indexes forward, discharging 
die calce cycle to the operation. 



FneinnaiH'iss taw Corp. 




Figure 5. Pressure FHter (Pneumapress Press Filter Corp.) 



(1) 

a) 

(?) 
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Because the cake is oriented horizontally, efficient displacement washing is 
possible. Pressme filters are utilized in a wide range of applications and 
industries inchiding gypsum, food, pharmaoeuticals, and power. The 
Pneumapress pressure filter is capable of obtaining very hi^ cake soUds, 
depending on solids, characteristics. It can also be utilized for high (greater than 
atmospheric) temperatures and pressures. 

3.L6 Extractor 

Crown Iron Woiks makes an ^'extractof* diat utilizes oountercurrent wash fk>w to 
extract soluble components of feedstock. A sample of the hydrolyzate slurry was 
sent to Crown Iron Works for evaluatioa The feed sluny has a solids 
concentration of about 28%. Crown stated the mayiTn^Tn discharge solids 
concentratioii that couM be expedbed from its machine woidd be 1S% to 18%. 
Hence, without additional liquid/solid sq)aration equipment, this equipment 
would not function in this Bpp&csHdotL Based on diis information, the e?ctractor 
was not considered to be viaUe technoldgy for this qop^ 




Figure 6. Crown Iron Works Extractor 

3.2 Liquid/Solid Separatioii After Distillation 

liquid/solid separation of Ae bottoms after die first-effect evaporator is required in the P tOO 
process. The solid fiaction generally consists of lignin and unieacted cdlulosei, while the 
Uquidfiacdon is primarily water. Process objectives include the following: 

• Producdon of solids wifli minimum moisture content - The solids are used as a fuel in a 
burner. Waste stack heat will be utilized to evaporate the remaining water m the solids. 
One of the process objectives is to minimize the amount of boiler heat used in drying 
soHds after Ikiuid/solid sqKiration. 

• Production of filtrate widi nrnrinmim solids - This water is fed back to fermenlatiott A 
minimal amount of solids can be acconunodated in tlie fermentation process. 

3.2.1 Materials of Construction 

This is a moderate- to ksw -corrosion application. Sulfuric acid concentration in 
the feed slurry is approximately 0.1%. Standard industrial conosion-redstant 
metallurgy such as Type 316 stdnless steel is appropriate for welted components 



Report 99-10600/14 



8 



Revl: Mar601 



of metal process equipment where temperatures arc maintained below 
approximately 9TC at this acid Concentration. The feed stream temperature is 
8^ for this process step. 

3.2.2 Test Material 

Test material for post-distillate liquid/solid testing was prepared as desoibed in 
the NREL report entided£xpmmenra/P/an£P/)0002-- lOOLSSFofPretreated 
Yellow Poplar and can be found in Appendix F. 

3.2.3 Eoujument^epdor Options 

A ran^ of equipment is available for this applicatioa Centrifuges arc currently 
shown on NREL's process flow diagram. The options that werc tested include 
centrifiiges, filter presses, belt presses, and pneumatic pressure filters. Three 
vendors were selected to test equipment to determine the optimal technology to 
achieve the process goal. Report No. 10600/2, Liquid-Solid Separation 
(Appendix F) outlines the voidor selection basis. The following vendors and 
equipment options were tested for this application: 



Manufacturer 


Equipment 


A1& Laval Separation 


Centifiige 


Baker Hughes 


Centcifiige, filter press, belt press 


Pneumapress Filter Corporation 


Pressure filter 



3^.4 Test Results 

A summary of test results for each of the vendor tests is provided below. Test 
r^orts, data, and an NKEL sample analysis for each of the tests may be found in 
the applicable vendor appendix. 

3.2.4.1 Ccntrifiige 

Alfa Laval and Baker Hughes performed a bench scale "^in tests" 
of the post-distillate slurry. Spin tests generally provide an indica- 
tion of feasibiUly of liquid/sofid separation of shmy. The solids 
concentration obtained in a fiiU-size machine is general^ better than 
can be achieved in a laboratory test. (See Table 1.) 

3.2.4.2 Filter Press 

Baker Hughes performed laboratory bench scale liquid/solid 
separation tests with post-distillate slurry for its filter press. The 
results are summarized in Table 2. NR£L analysis of sauries fi:om 
these tests may be found in Appendk B. 
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Table 1 

Centrifuge Spin Tests 



Item 


Unit 


Val 


lue 


AlfSa Laval 


Baker Huebes 


Feed slurry 








Total solids 


% by weight 


7.26 


no data 


Total suspended solids 


% by volume 


23. 


no data 


Viscosity 


cP 


13.5 


no data 










Test conditions 








Spin time 


minutes 


1.5 


no data 


Centrifugal force 


G's 


1^00 


no data 


Slurry temperature 




86 


no data 










Separated streams 








Cake total solids 


%by weigbt 


19.9' 


22.9' 


Cake description 




Firm 


Heavy mud consistency 


Liquid total solids 


% by weight 


4.26' 


3.07' 


Liquid dissolved solids 


% by weight 


3,54* 


2.83" 



'Alfa Laval test data 

^ NREL analysis of Baker Hughes samples, avemge value of three tests 
^ Baker Hughes test data 



Table 2 

Baker Hughes FUter Press 



Item 


Unit 


Valoe 


Feed slurry 






Total solids 


% by weight 


no data 


Total suspended solids 


%byvolumB 


no data 


Viscosity 


cP 


no data 








Test conditions 




no data 








Separated streams 






Cake total solids (Option A) 


% by weight 


range 34i)- 39.7' 


Cake total solids (Option B) 


%by wdgjit 


range 39.7 -44.4' 


Liquid total solids 


% by weight 


2.67" 


Liquid dissolved solids 


% by weight 


no data 



Baker Hughes test data 
Results of 8 single test 
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3.2A3 Bek Filter Press 



Baker Hughes did bench scale liquid/solid separaticm testing of a belt 
press. The Baker Hughes report excludes any data or discussion of 
rcsulte. The belt press data in Table 3 is ftom an NREL analysis of 
samples ftom belt press testing of post-distillate shmy tiiat Baker 
Hughes did. It is notable that polymer was utilized to dewater these 
solids on the belt press. See Baker Hughes' report dated 2/5/01 
(Appendix B) for additional test results. 

3.2.4.4 Pressure Filter 

Pneumapcess Filter Corporation did bench scale liquid/solid testing 
of tiie pressure filta: at its fedlity in Richmond, California (Table 4). 
Cake solids and filtering time are both significantiy affected by cake 
thickness. Cake thickness is controlled by the amount of slurry 
introduced per unit area of filter. Hence^ equipment siang is directly 
affected by this cake thickness. 

32A.5 Test Comparison Summary 

Table 5 provides a summary of average percent solids by weight for 
cake and filtiate/centrate products fitnn testing. 



3.2.5 Equipment Costs 



Below are capital costs for the Pneumapress and centrifuge options. Capital cost 
mfoimation will be provided for belt presses and filter presses when it becomes 
available from Baker Hughes. Pneumapresses arc tiie recommended tedmology. 
Hence, a more detailed capital cost estimate has bem developed fiir this equip- 
ment. All estimates exclude tiie costs of buildings. Electrical energy costs are 
provided for a Pneumapress installation. 

32.5A Centrifuge 

Alfa Laval states that the laboratory scale teste for tiiie centrifiige do 
not provide sufficient information on definitive siang of equipment 
for tiie process flows. However, it does provide a good indication of 
the viability of centrifijges for flie application, tiie type of centrifuge 
to apply to tiie process, and a general idea of tiie level of liquid/solid 
separation that can be acconq)lished witii centrifuge tedmobgy. 
Based on the lesults of the tests, A1& Laval estimates tiiat between 
five and ei^ P7600 centrifuges would be requked. Alfa Laval 
suggested that using seven machines as a basis for a capital cost 
estimate would provide an appropriatety conservative estimating 
approach. The price does not include auxiliary equipment such as 
pumps, tanks, and conveyors. HGI estimates an installed cost for 
this system to be $8,800,000- A prdiminaiy equipment list is 
included in App^idbc A. 
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Table 3 

Baker Hughes Belt Press Tests 



J. 




Unit 


Value 


D-1 


Calffi solids 


% by weight 


2732 


D-2 


Cake solids 


Yo weight 


26.90 


D-2F 


Cake ^lids 


% by weight 


34.16 




Calce <tf)lids 


% by weight 


24.74 


D-4 


PgVe cnlids 


% by weight 


25.33 


D-4E 


Cake solids 


% by weight 


28.39 




Cake solids 


avg % by weight 


27.81 










D-1 


Gravity drain liquor 


% by weight 


2,48 


D-2 


Gravity diain liquor 


% by weight 


2,35 


D-4 


Gravity drain liquor 


% by weight 


2.40 




Gravity drain liquor 


avg%by weight 


2.41 



Table 4 



Pnenmapress Pressure Filter 



Item 


Unit 






Testnm 




Dl 


D2 


Sluny introduced to pressure filter 


ml 


240 


100 


Air pressure 


psig 


100 


100 


Slurry temperature 


»C 


80 to 86 


80 to 86 


TvBOR for filtrate to clear 


seconds 


120 


20 


BlowdowD time 


seconds 


60 


30 


Cake tbickness 


m. 


V5 


5/32 


RltiatB quality 




Qear 


Qear 










Cake total solids 


%byweigbt 


41.96 


88.04 


Cake description 




firm w/wet sui&ce 


YBty finn w/diy surfiice 


liquid total solids 


% by weight 


2.87 


2.95 


Filter area 


in* 


3.14 



Table 5 

Percent Total Solids by Wei^t 





Alfa 
Cake 


Laval 
Uquid 


Baker Hugl 
Cake 


les 

Uquid 


Pneam 
Cake 


apress 
liquid 


Centnfiige 


19.9% 


426% 


22.09% 


3.07% 






Belt press 






27.81% 


2.41% 






Filter press 






34.9%-39.7%- 
39.7%-44.4%^ 


167% 






Pressure filter 










88.04% ' 


2.95% 


Feed shmv 


%by wt 


/^7.26% 


Measured bv Alfe Laval ( 55©e Apoenoix a i 


^ Based on S/32-ul cake 
^ OptLon A 
^ Option B 
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3.2.5.2 



Pressure Fiher 



Pneumapress provided a budgetary quotation for tfiis application. 
Four Pneumapress pressure filters would be required for the 
configuration thjat provided 88% cake solids during testing. An 
equipment M and cost estinmte may be found in Appendix D. The 
estimated installed cost for a liquid/ solid separation system utilizing 
Pneumapress pressure filters is $8,100»000. Cycle times were 
oonsideied in sizing equipment 

For an application with S0% of the current design capacity (flow rate 
to the pressure filter m kg/hr), two of the four pressure fflters would 
be eliminated Hence, &e total estunated cost of a liquid/solid 
separation for 50% of current design capacity is H400»000. 

For an application witii 150% of tiie current design capacity, six 
pressure filters would be required It is estimated tiiat the total 
installed cost for liquid/solid separation for a plant witii 150% of the 
ori^nal design c^adty cost would be $1 1,613,000. 

The estimated installed horsepowo' for a Pneumapress installation is 
1490 hp with an estimated average power demand of 830 kW. 
Assuming $0.05/kW-hr and 8000 hours of operation per year, the 
annual electrical eneigy operating cost is estimated to be $332,000. 
Horsepower for this equipment can be scaled linearly with feed rate 
to the equipnoent 

3.2.5.3 Filter Press 

Baker Hug^ provided budgetary quotations for two equipment 
options. The first (Option A) was for five Model 2000FBM-103-PP- 
RP-HS-225-32 mm filter presses complete witii accessories and 
controls. This option is a non-memfatane filter press that is expcctsd 
to achieve cake solids of between 37.3% and 39.7%. Estimated 
installed equipment cost for tiiis system is $ 17300,000. 

Option B is for five Model 2000FBM-l06-PP-mem/RP-HS-225- 
32 mm with accessories and controls. This q)tion is a membrane- 
type filter press that is expected to achieve cake solids of b^een 
39.7% and 44.4%. Estimated installed equqmient cost for this system 
is $24,500,000. 

3.3 Liquid/Solid Separation First-Stage Hydrolysis, Ambient 
Pressure/Temperature, Processes FIDO and P300 

liquid/solid separation is required afto: the first-stage hydrolysis reactor in the PlOO and 
P300 processes. The solid firaction consists of unreacted solids. The process objectives of 
tins liquid/solid separation are as follows: 

• Process PlOO - Remove the maximum amount of toxins fiom the solids as practical. 
Toxins consist of acetic add and other soluble fermentation toxins. The amount of wash 
water required to acconq^lish tiiis should be limited to a maximimi of 132,000 kg/hr 
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(0.58 lb water/lb feed) because Ais is the total amount of water added to fennentation. 
Hie required level of residual acetic add in 33 ^Icg in solids with a desired level of 
1.65 g/kg. 

• Process P300 - Remove soluble sugar from the solids. Sugar that carries forward to the 
second-stage hydrolysis will be destroyed. The desired level of sug^r recovery from the 
feed sluny is 95% widi a desired level of 98%. 

3.3.1 Test Material 

First*stage hydrolyzate slurry utilized for these tests was generated from pulp- 
size aspea hardwood chips at &e TVA &cSiiy in Muscle Shoals, Alabama. The 
test material was made in a zirconium-lined digester witfa a liquid/soUds ratio of 
4:1 and an add concentration of 0.55% in die Uquid phase. The test was 
conducted at a temperature of ITS^'C and a pressure of 1 12 psig with a retention 
time of 15 minutes. 

TVA collected slurries from first-stage hydrolysis and analyzed them for sugar 
contCTt, acetic add, HMF, furfural, and moisture content The average moisture 
content was 59.7% and 59.3% for each of two samples tested. The results of fhe 
analytds for the remainder of die parameters are given in Table 6. 

Table 6 

Composition of First-Stage Hydrolyzate Slurry from Pilot Piant in mg/ml 





Dmm 11 


Dram 13 


Drum 14 


Drum 16 


Ghicose 


9.90 


11.60 


11.60 


10.70 


Xylose 


7620 


62.90 


80.00 


82.00 


Galact 


<125 


<125 




<125 


Arab. 


225 


1.90 


1.90 


225 


Mana 


11.70 


8.40 


9.33 


11.70 


Acetic add 


21.10 


18.00 


19.80 


2120 


HMF 


0.29 


0.36 


OJl 


0.31 


Furfural 


1.60 


1.78 


1.74 


1.60 



Note : The description of how material was produced and these results were 
eTctracted fiom TVA's April 14, 1999 report. Add Hydrol^ Support, First And 
Second Stage Hydndysis Testing, MPO No. DCO-8-18081-0 (An>endix F). 



33.2 



Materials of Constmction 



The PlOO and P300 liquid/soUd separation functions are moderate conx>sion 
applications. Sulfimc add concentration in the feed slurry is approximately 
0.4%. Standard industrial corrosion-resistant metallurgy such as Type 316 
stainless steel is appropriate for wetted components of metal process equipment 
where temperatures are maintained below approximately 82°C at this add 
concentration. Because both the PlOO and P300 filtrate streams are processed 
below diis temperature downstream of Uquid/solid separation, the process stream 
temperatuze can be dropped prior to liquid/solid separation to allow use of 316 
staiidess sted. 
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3.3.3 



EouipinenlA^endor Options 



Because the primaiy goal for botti the PlOO and P300 processes is solids washing 
wilh a limited amount of water, displacement countercurrcnt washing is a 
desirable approach to get the best washing results with limited wash water. 
Equipment types woe limited to those fliat could do countercurrent washing. — 
The equipment options tested for tiiis application include horizontal belt filter, 
pressure filter, aiid filter presses. Screw presses, belt presses, and decanter 
centrifuges are not good camdidates for this application, because it is not possible 
to do displacement washing witii these machines. The following vendors tested 
equipment for this application: 



Manufacturer 


Equipment 


Thenno Black Clawson Inc. 


Horizontal bdt fitter 


Baker Hughes 


Horizontal belt filter, filter press 


Pneumapress Filter Corporation 


Pressure filter 


Crown Iron Works 


Extractor 



3.3.4 Test Results 

3.3 Al Horizontal Belt Filter, Processes PlOO and P300 

Black Qawson perfonned bench scale laboratory tests to sunulate its 
Chemi-Washer for bofli PlOO and P300 conditions. Tests were run 
three times at each condition. Table 7 shows averages of die results 
for die three test conditions. Black Qawson's complete test report 
maybefoundin ACT)endixC 

Baker Hughes also did laboratory testing to shnulate its horizontal 
belt filter. However, tiie Baker Hu^es report is not presented in 
sufficient detail to allow any analysis of its data for dus equipment 

3.3,4.2 Pressure Filter 

Table 8 presents a summary of the Pneumapress hydrolyzate test 
results. 

3.3.5 Equfaiment Costs 

3.3.5. 1 Horizontal Belt Filter, PlOO Process 

Black Clawson provided a budgetary quotaticm for Chemi-Washers 
for the PlOO iqjplication. Three 8-meter-wide x 20-metcr-king 
machines were proposed. Equipment sizing, nimiber of wash stages, 
and the volume of wash water required for the applicable level of 
washing efficiency are determined fitmi ^ctrapolation of test results. 

HGI estimates the installed cost for this equipment and associated 
auxiliary equipnient to be $27,000,000. A preliminary equipment 
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list with order-of-magnitude prices for auxiliary items is included in 
Appendix C. 

Baker Hughes provided a budgetary quotation for a horizontal belt 
washer for the PlOO applicatioa Based on test results. Baker 
Hu^^ estimates that 1144 gpm (LI to 12 Mb feed slurry) would 
be required to achieve the target acetic acid residual level Baker 
Hughes proposed thzee Model 42 127 EIMCO-Extractor horizontal 
belt filters with accessories and controls. The estiniated installed 
cost for ^ equipment and associated auxiliary equipment is 
$6300,000. 
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Table 7 

Smmnary of Black Clawson Hydrolyzate Test Results 



Test 


No. of 
Wash 
Stages 


Wash 
Water (lb 
water/lb 
feed) 


Feed 
Slurry 
Temp 
fO 


Wash 
Water 
Temp 


Cake 
Solids 
(% Dry 
Weight) 


Glucose 
Removal 
Elllciettcy 

(%) 


Lak^wasuuii 
Xylose 
Removal 
Efficiency 
(yo) 


Acetic Add 
Kemovai 
Efficiency 


Residual 

(g/kgOD 
solids^ 


1 


no 


wash 














3236 


2' 


1 


0.59 


85 


4o 


10 CM) 




69.7 


65J 


18.07 


3' 


1 


l.li 


85 


46 






76.0 


72.4 


14.44 


f 




l.ll 


85 


63 


38.76 


82.4 


82.4 


92.0 


9.89 


5' 


4 


1.09 


85 


46 


29.84 


92.0 


9fl5 


91.7 


4JJ5 


6' 


4 


0^ 


85 


63 


2975 


922 


92.8 


923 


3.94 


7' 


4 


1.11 


85 


63 


30.42 


93.8 


94.5 


943 


190 


8^ 


4 


039 


85 


63 


30.73 


887 


89.1 


88.4 


6.10 



^ Process 100 
^PtocessSOO 

Black Clawson 

Summary Test Results for Chefii-Washer 



Process P 1 00 level required 


Acetic acid 3.3 g/kg in solids* 


Process PlOO level desired 


Acetic acid 1.65 g/kg in solids* 


Process P300 level required 


95% removal of sugar (X and G)** 


Process P300 level desired 


98% removal of sugar (X and G)** 


» AnalysisoftcstrcsultsshowednoiicofthcPlOOtestsproducedaccticacidl^^^^ Tcst5 
produced 4.35 g^cg. More wash stages and/or more wash vrater are icqu^ 

Analysisoftestre8ultsshowednoncofthcP300tcstsproduced95%orgn»tcr>^^ Test7 
produced 94.5%and 93.8% washing efficicacy for both X and G sugars, respectively. More wash stages and/or more 
wash water are required for greater sugar removal. 



Report 99-10600/14 



17 



Revl: Mar 6 01 



Table 8 

Sammary of Pneamapress Hydrolyzate Test Results 



Test 


No. of 
Washes 


Wash Water 
(lb water/lb 


Feed 
Slurry 
Temp 

CQ 


Wash 
Water 
Temp 
CO 


Cake 
SoUds 
(% Dry 
Weight) 


Cake-Washine EHectiveiiess 


Glucose 
Removal 
Efficiency 
\ /® J 


Xylose 
Removal 
Efficiency 


Acetic Add 
Removal 
Efficiency 


Residual 
Acetic 
Aciff 

(mg/ml) 


1 


0 


0 


83 


mm. 


54^5 


45% 


45% 


45% 


12.6 


2' 


1 


0.67 


85 


47 


49.68 


J / /o 


0/ /o 


ytvo 


10.6 


3^ 


1 


0.73 


85 


63 


523% 


71% 


71% 


/U7o 




4^ 


1 


0.91 


8S 


63 


51.08 


64% 


65% 


63% 




7 


2 


1j09 


80 


no data 


55.72 


97% 


98% 


97% 


OS 


7A 


2 


1.09 


no data 


ic 


57.09 


96% 


97% 


96% 


ox 


8 


2 


0.87 


83 


a 


54.70 


96% 


97% 


97% 


0.8 


9 


2 


0J8 


85 


M 


54.76 


95% 


96% 


95% 


0J9 



* Process 100 
^ Process 300 

^ Value reported from NREL laboratory analysis of samples 



Pneumapress 
Summary of Test Results 



Process PlOO level required 


Acetic acid 3.3 g/kg in solids* 


Process PlOO level desired 


Acetic acid 1 .65 g/kg in solids* 


Process P300 level required 


95% removal of sugar (X and 0)** 


Process P300 level desired 


98% removal of sugar (X and Q)** 


* Analysis of test results showed that with two wash stages and 0.58 lb wash water per lb of feed, the residual level of 
0.9 g/kg acetic acid was achieved, below both required and desired levels. 

** Analysis of Test 8 results showed that 96% glucose and 97% xylose removal was achieved with two wash stages and 
0.87 lb of wash watei/Ib of feed. More wash stages and/or more wash water would be required to obtain 98% sugar 
removal. 



I 
i 
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33.5.2 Horizontal Belt Fater, P300 Pnjcess 



Black Clawson provided a budgetary quotation for Chemi-Washers 
for the P300 application. Four 10-meter-wide x 22-nieter-long 
machines were proposed. Based on the test results and Black 
Clawson's projections of washing efficiency, to achieve a sugar 
removal of 95% from the washed solids six wash stages each for 
each machine are required. The washers would be run with 
1 105 gallons of wash water per bdst (bone dry standard ton) of fi:cd. 
Equipment si^ng, number of wash stages, and the volume of wash 
water required for the apphcable level of washing ef&denqr are 
determined &om extrapolation of test results. HGI estimates the 
installed cost for this equipment and associated auxiliary equipment 
to be $49,700,000. 

Baker Hughes provided a budgetary quotation for a horizontal belt 
washer for tlie P300 applicatioa Based on test results. Baker 
Hughes esdmates that 1 144 gpm (1.1 to 1.2 Ih/Ib feed slurry) would 
be required to achieve 95% sugar removaL Baker Hughes proposed 
three Model 42 127 EIMCO-Extractor horizontal belt liters with 
accessories and controls. The estimated installed cost for diis 
equipment and associated auxiliary equqnnent is $6^00,000. 

3.3,5.3 Pressure Filter, PlOO and P300 Processes 

Pneumapress provided a budgetary quotation for these applications. 
The proposed equipment for the PlOO and P300 processes is 
identical. Three Flieumapress pressure filters would be required with 
a total of 1080 sq ft of fitter area. A simplified block flow diagram, 
equipment list, and order-of-magnxtude capital cost estimate may be 
found in Appendix D. The estunated installed cost for tiie 
Pneumapress pressure filter system is $8,500,000. Cycle times were 
considered m sizing equipment 

For an appUcation with 50% of the current design capacity (flow rate 
to the pressure filter in kg/hr), one of the three pressure filters would 
be eliminated. Each of the remaining two pressure filters would 
have a throughput capacity of 75% of each of the machines for the 
100% capacity case. Ifence, the total estimated cost of a liquid sdid 
separation for 50% of cunent design capacity is S4,151,000. 

For an application with 150% of the current deagn capmHy, five 
pressure filters would be required, four having fee same capacity as 
each of the machines for tiie 100% case and one having 50% 
capacity of ttiat capacity. Hence, it is estimated that the total mstalled 
cost for Mquid sohd sq)aiatioif for a plant with 150% of the origmal 
de^gn capadly cost would be $10,880,000. 

The estimated installed horsepower for a Pneumapress installation 
for either process PlOO or P300 is 1755 hp widi an ^timated average 
power demand of 980 kW. Assuming $0.05/kW-hr and 8000 hours 
of operation per year, fee annual electrical energy operating cost is 



Report 99-10600/14 



Rev I; Mar 6 01 



estimated to be $392,000. Enei^gy costs are expected to vaiy linearly 
with the equipment throughput capacity. 



3.4 Liquid/Solid Separation First-Stage Hydrolysis, 
Elevated Pressnre/Temperatare, Process PlOO 

As an alternative to ambient pressure washing, liquid/solid separation could be provided after 
die fir$t-$tage hydrolysis reactor at an elevated tempe ratu re to keep li gnin in solution . The 
expected temperature is 13S^C. Washing is expected to tie required. ^ 

The process objective is to remove as much of the toxins fiom the solids as practical. Ihe 
amount of wash water required to accompli^ i3m should be Ihmted to a maximum of 

132.000 kg/hr (.58 lb wa^ water/lb feed) , because this is the total amount of water added to 
fermentatioa washing proves to be too difGicult, cooking could be done at a slightly lower 
tenq)erature. Polmtially, Uquid/solid sqpamtion could be done without was^^ 

3.4.1 Test Material 

See description of test material in paragraph 33.1. 

3.4.2 Materials of Canstmction 

Type 3 16 stainless steel, as recommended £xr die ambient pressure liquid/solid 
separation application^ is not suitable for 0.4% I^S04 at a temperature of 135^. 
While no condition-specific testing has been done, tesdng was done by InterCorr 
International for a 0.6% I^SOa at 19ffC. Alloy 825 exhibited a conosion rate of 
8 mpy in these tests. Normally, 5 mpy is considered an acceptable corrosion rate. 
Because HSO^ corrosion is strongly affected by temperature, it is likely diat 
Alloy 82S will fonction satis&ctorily at 13S°C. Testing at the a:tual process 
conditions of Alloy 825 and testing with odier less oosdy materials are 
recommoided to verify acceptability. 

3.4.3 EommnentA^endorODtioDS 

Pj:)eumapress Filter Corporation's pneumatic pressure filter has been identified as 
equipment that is capable of liquid/solid separation and countercurrent batch 
washing at pressures and temperatures above die boiling point of die slurry. The 
Pneumapress filter is capable of higjh cake solids and good washing wifli clear 
filtrate. Countercurrent washing would be done with multiple washes in a batdi 
operation. See paragraph 3. 1.3.5 for a schematic of &e pressure filter. 

3.4.4 Test Results 

Testing of a Pneumqpress bench scale unit took place at NREL's fiicilities in 
Golden^ Colorado. No quantitative analyses were done on resultant filtrate or 
cake solids from these tests. However, fiom qualitative observation, the results 
appeared to be promising. NREL has plans to perform some general liquid/solid 
separation on a pilot scale Pneumapress filter. If those tests are successfiil and if 
funds are available, a pilot scale unit would be purdiased. lUs unit would be 
capable of operating at elevated temperature and pressure conditions. 
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4. CONCLUSIONS AND RECOMMENDATIONS 



4.1 Liquid/Solid Separatton After Dlstillatloii 

The objective of this process fimctiofn is to dewater post-distillate solids to produce Tnininnnn 
moisture for a fuel burner with maxinwm heat value. At this writing, Baker Hugjies has not 
yet satisfectorily completed testing that would allow eraluation of its belt filter press and 
filter press. Table 9 provides a conq^arison of representative test results witii associated 
estimated installed equipment costs. 



Table 9 

Post-Dbtillate Comparison of Test Results and 
Estimated Direct Capital Equipment Costs 



Equipment 


Manufacturer 


Cake Solids 


Estimated 
Installed Cost 


Centrifuge 


Alfa Laval 


19.9% 


$8300.000 


Centci&ge 


Baker Hughes 


22.9% 


No data 


Filter press (Option A) 


Baker Hughes 


34.9%-39.7% 


$17300,000 


Filter press (Option B) 


Baker Hughes 




$24,500,000 


Pressure filter 


Pneuntiapress 


/ 88.0% . 


$8,100,000 


Belt Filter press 


Baker Hughes 


no data \ 


No data 



Based on tiie data available firom testing done to date, the Pneumapress pressure filter 
produced dramatically drier cake conq)aied to eitiier A1& Laval or Baker Hughes centrifuges 
and at essentially Ae same installed capital cost of centrifiiges. While fidl-size 
centrifuges generally develop somewhat drier cake than laboratory scale units, it is unlikely 
that they would come close t> the cake solids exhibited by the Pneumqsress pressure filter 
testing. The Pneumapress pressure filter is recommended as tiie best equipment for this 
application based on testing and equipment evaluation done to date. It is recommended that 
testing be repeated on a larger scale Pneumapress to confirm the repeatability of these results 
and optimize the process approach. 

4.2 Liquid/Sottd Separation First-Stage Hydrolysis, 
Ambient Pressure/Temperature, Process PICO 

The objective of this process function is to minimize carryover of acetic add in hydrolyzate 
solids* At this writing Baker Hughes has not yet satis&ctorily completed testing tiiat would 
allow evaluation of its horizontal belt filter. Baker Hughes provided a capital cost estimate 
for its equpnent; however, witiiout reliable test results, there is no reliable basis for 
equipment srring. Table 10 provides a comparison of rqpresentative test results with 
associated estimated installed equqmoient costs. 
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Table 10 

PlOO Comparison of Test Results and 
Estimated Direct Capital Equipment Costs 



Equipment 


Manufacturer 


*Wash Water 
Ob/lb feed) 


Acetic Acid 
Residual 

(mg/ml) 


Estimated 
Installed Cost 


Hodzanlal belt filter 


Baker Hughes 


1.1 to 1.2 


No data 


$ 6,300,000 


Horizontal belt filter 


Black Clawson 


1.1 


1.7 


S27,000»000 


Pressure filter 


Pneumapress 


0.58 


0.9 


$ 8»SOO,000 



*Feed as received firom faydrolysis 



Based on ttie test results and Black Clawson's projections of washing efBdency, to achieve 
the threshold acetic acid level of 1.7 g/l in the washed solids, five wash stages each for each 
machme are required. Per Black Qawson, die washers would be run widi 940 gallons of 
wash water per bdst (bone dry standard ton) of feed. Thatisdieequivalentof 1.1 kgof wash 
water per kg feed or approximately 300,0(K) kg/hr. That is far in excess of the limit of 
132,000 kg of water per hour. Similarly, Baker Hughes* belt filter uses even more wash 
water. 



TTie Pneumapress pressure filter produced significantly lower acetic acid residual with 0.58 lb 
wash watei/Ib of feed. That is approxhnatdy equal to 133,000 kg/hr of wash water. In 
addition, a Pneumapress installatiofn has substantially lower capital cost flian die Black 
Clawson horizontal belt filter. It is recommended diat die Pneumapress pressure filter be 
selected for use in future work in this application based on superior performance and capital 
cost for equipment tested to date. 

4.3 Uquid/SolM Separation First^tage Hydrolysis, 
Ambient Pressure/Temperature, Process P300 

The objective of diis process function is to remove sugar fixnn hydrolyzate solids. At this 
writing Baker Hughes has not yet satisfactorily completed testing that would allow evaluation 
of its horizontal belt filter. Baker Hughes provided a capital cost estimate for its equipment; 
however, wifliout reliable test results, fliete is no reliable basis for equipment sizmg. 
Table 11 provides a comparison of representative test results witii associated estimated 
installed equipment costs. 



Table 11 

P300 Comparison of Test Resiits and 
Estimated Installed Equipment Costs 



Eaniiiment 


Manafactarer 


•Wash 
Water 
ab/lb feed) 


Sugar Removal 
Efficiency (% 
Glncose/% Xylose) 


Estimated 
Installed Cost 


Horizontal belt fflter 


Baker Hughes 


l.l to 1.2 


95% 


$ 6300,000 


HorizantalbeltfiltBr 


Black Qawson 


1.3 


95%/95% 


$49,700,000 


Pressure filter 


Pneumapress 


0.87 


96%/97% 


$ 8,500,000 
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The Pneumapiess pressure filter produced significantly higher sugar lemoval with less wa^ 
water and at substantially lower capital cost than &e Black Clawson horizontal belt filter. 
The Baker Hughes horizontal belt filter did not have adequate test data to justify a 
recommendation by HGL If Baker Hu^es could produce test data to back up its clainis, this 
horizontal belt filter nmy be worth consideration. However, it does appear ttiat bodi 
horizontal bdt filters will require higih wash water to obtain 98% sugar removal. It is 
recommended diat the Pneumapress pressure filter be selected for use in fiiture work in 
application based on superior performance and capital cost for equipment tested to date. 

4.4 Liquid/Solid SeparatioD First-Stage Hydrolysis, 
Elevated Pressure/Temperature, Process PlOO 

All testing for liquid/solid separation at elevated temperature took place at NREL fiidlities 
utilizing a bench scale Pneumapress pressure filter and equipment that sunulates the 
Pneumapress pressure filter. NREL plans to evaluate a pilot scale Pneumapress for this 
process application as well as for other liquid/solid separation process applications including 
P300» PlOO ambient temperature, and post-distillate. If evaluations are successful and 
fimdhig can obtained, a pilot scale Pneumapress wiU be consida:ed for purchase so that 
fiirdier liquid/solid sqpmikm tesdng can be done. 
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IRON CASING W/316 SS TRIM 


IRON CASING W/316 SS TRIM 


IRON CASING W/316 SS TRIM 
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VOLTS 

300HP 


300 HP 


300 HP 


300 HP 


300 HP 


300 HP 


300 HP 


10 HP 


10 MP 


1 10 HP 1 


1780 RPM 


a 
z 
c 


1780 RPM 


1 10 HP 1 


1780 RPM 


10 HP 
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70FTTDH 


MOD 3196 3X4-10 
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APPENDIX B 
BAKER HUGHES 



Baker Process To^^"^ 



Salt Lake Qty; Ur 84il(MB00 



Febmary5,2001 

Lynn Montague 
Hvrie Oroi^ 
100 Denny Way 
8uH»800 

Seattle. WaeNngton 
Dear Lynn: 

Liquid Solid Separation atter Distillation: 

HIter press results produoed the highest cake solids (6r the hydrolysis material. Tfie results aine sumnriarized 
below. 

Tilblel 
Filter Pre«i:Refti|lts 
HydrpJysis 





Filtration 


Membnms 


Fittmtlon 


Mtmbrane 




Diy Caka 




Tkna 


Tbm 


PnCisura 


Pressure 


Solids. 


Density, 


Test* 


minutw 


mlnulM 


psig 


psIg 


wt% 


ilis/K* 


P-1 


30 


15 


100 


225 


32.85 


10.1 


P-2 


45 


N/A 


100 


NIA 


34.87 


11.4 


P-3 


62 


28 


100 


225 


44.4 


33.2 


P-4 


62 


8 


100 


225 


39.7 


28.2 


p-e 


120 


N/A 


100 


N/A 


37.3 


26.5 



RRer Sizing for the hydrolysis nraterial is: 



Table 2 

Filter Press Sizing for Hydrolysis 









Rapid 


ALP 




Rapid 


ALP 


discharge 


Discharge 




discharge 


DlschaiQe 


Membrane 


Membrane 




2x2 


2x2 


2X2 


2x2 




meter 


meter 


meter 


meter 


Feed Rate, lbs. sluny/hr 


plates 


plates 


plates 


plates 


«92,NiS 


692,633 


592,633 


60%;693 


Sollde Conoentratten, wC%. 


117% 


11*7% 


■ ■•■ wm 


11 T%t 


8oKdsRatQ,lbs^r 


69;326 


69,326 


69,326 


69,326 


Diluflon Concentration, wt% 


11.7% 


11.7% 


11.7% 


11 7% 
1 i*ff /# 


uoKo yennQf, iDwir 


26 


263 


264 


2SjB 


niter Volume required, l^/hr 


2016 


2616 


2616 


2616 


Flltradon Tlm^ minutes 


62 


62 


62 


«2 


Membrane Time, minutes 


0 


0 


16 


16 


Air Blow Hme, minutes 


0 


0 


0 


0 


Discharge Time, minutes 


3 


19 


3 


IS 


Clotli/Flood Wiesh, minutes 


2 


2 


2 


2 


Cycle Tfme^ minutes 


67 


63 


62 


•7 


Cydes/hour 


0.60 


0.72 


0.73 


9M 


AlrReq<tt,scftnm2 


0.60 


0.00 


0.00 


OM 


Feed Rate, oi»m/lllter (vveraoe llltratfoh time)) 


176 


273 


161 


266 


Filter Volume Required, flf/cyda 


2921 


3619 


3676 


4228 



6.65 


BM 


6.68 


6.68 


617 


641 


633 


746 


Ids 


160 


106 


160 


6.0 


4.0 


6.0 





VokniM^fp/Uiainbor 
Number of Ctiamben 
Number of Chambers/Filter 
Number of Fllten 

Sizing is provided based on the EIMCO automated (liter disohaige, where the plates are discharged 
within 3-4 minutes, or using a oonventiohal discharge (ALP -Automatic Liirge Press) where the discharge is 
usually 6 seconds^late. The diflierence is in the total number of chambers. The filters will j«qulre fbur (4) 
units in each case. These are 225 psigfliteis. The use o( 228 jisig will be necessary to offset the diffi^^ 
final cakesdidsobtained with 100 fSioflitrBtkm and 225 psl{(.nMmtM Sizing is provided for both 

recessed and membrane filters. The filter size is llnined 120 chahibers or less for the BMCO discharge 
mechanism and lee. than 180 chambers for the standard discharge. Ttw nunrtber of filters is acHusted to meet 
these critwia 



1 . Cenbtftigation was tested, but the Ibnowlng additional Infbnnation should be provided: 
• Presentation and evaluation of test data and results 

Table 3 
Centrifuge Data 

Harris Group, Low Solids Sample Centrifuge Tests 













Cakn 












TlnriA 






1 lUdUlOSo 




70 


wHiw. wane 


Test# 


RPM 


(min) 


TflFA 


Wfiloht 


mm 

II nil 




Pnnntr 




1A 


1500 


3 


38.79 


48.84 


8 


2.5 


31.3 


24.4 


IB 


1500 


3 


38.73 


48.88 


10.0 


4.5 


45.0 


24.0 


2A 


2000 


2 


38.79 


48.91 


10 


7 


70.0 


25.1 


2B 


2000 


2 


38.73 


48.81 


10 


5 


50.0 


24.9 


3A 


2000 


4 


38.79 


48.96 


10 


2 


20.0 


25.6 


38 


2000 


4 


38.73 


48.84 


10 


3 


30.0 


25.6 


4A 


1000 


4 


38.79 


48.91 


11.5 


8.5 


73.9 


23.4 


48 


1000 


4 


38.73 


48.81 


11.5 


7 


60.9 


23.5 


5A 


1000 


2 


38,79 


48.89 


15.5 


11.5 


85.2 


22.1 


SB 


1000 


2 


38.73 


48.83 


13.5 


10.5 


77.8 


22.3 


6A 


3000 


2 


38.79 


48.87 


10 


2 


20.0 


27.0 


68 


3000 


2 


38.73 


48.85 


10 


2 


20.0 


26.6 


7A 


2900 


1 


38.79 


48.93 


10.5 


3.5 


33.3 


26.6 


78 


2900 


1 


38.73 


48.88 


11.5 


3 


26.1 


25.9 


8A 


2000 


1 


38.79 


48.86 


11 


4 


36.4 


24.4 


88 


2000 


1 


38.73 


48.90 


12 


6 


50.0 


24.2 


8A 


1500 


2 


38.79 


48.69 


12 


8 


68.7 


23.0 


iEL 


15001 2 


, 3^,7? 


48.88 


11.5 


7.5 


?5.? 





The main point bi these data is that the final solids content is 25^% or less. This will probably be to low for 
incineration. 

The centrate solids will be in the range of 2500-3S00 ppm, as shown below. Some of the tests produce lower 
solids , however because of the high dissolved solids in the filtrate, compared to the suspended solids these 
numbers actually be greater in actual operBtlon. These solids would cause problems In water treatment or 
recovery operations. 

Baker Process experience In the use of centrifuges In this type of process (uvheat. bartey, sorghum) was that 
land appUcaUon of the final oenlrate was necessary to males a cost effisclive trealmenL 



Table 4 
Pistillate Centrate Solids 



Centrete SoOds D6 ■ 2.84 wt% 



Samole # 


Tare\AA. 


DivVM. 




T8 


TSS 


1A 


1.02 


123 


822 


2.92 


0.08% 


IB 


1.01 


123 


8.34 


3.00 


0.17% 


2A 


1.01 


123 


8.43 


2.06 


0.13% 


2B 


1.01 


122 


8.39 


2.85 


0.01% 


3A 


1.01 


123 


8.43 


2.96 


0.13% 


3B 


1.00 


122 


8.38 


2.98 


0.15% 


4A 


1.01 


122 


8.17 


2.93 


0.10% 


48 


1.01 


122 


825 


2.90 


0.06% 


SA 


1.01 


123 


7.98 


3.17 


0.33% 


58 


1,01 


1.23 


8.04 


3.13 


0.30% 


6A 


1.01 


123 


8.5 


2.94 


0.10% 


68 


1.00 


123 


8.56 


3.04 


021% 


7A 


1.00 


123 


8.55 


3.05 


021% 


78 


1.00 


123 


8.54 


3.05 


0.22% 


8A 


1.01 


123 


8.37 


2.99 


0.15% 


88 


1.01 


123 


8.38 


2.99 


0.15% 


8A 


1.01 


123 


8.11 


3.10 


027% 


98 


1.01 


123 


8.32 


3.01 


0.17% 



• Reoommendations 

At the present the centrifuge Is not reoommended because R does not pioduce sufficient solids 
for indneraUon and the final centrate will need treatment and/or disposal. 

• Equipment sizing If this equipment Is reoommended forthis application 
Not required 

• Budgetary estimate if this equipment is recommended forthis appHcation 
Not required 

Beit press was tested, tnit the followino addiUonal infonnaOon should be provided: 

• Presentation and evaluation of test data and results are listed t^eiow. 
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Table 6 



>FRO(3SSEQlJIFMENr€X)A^^ 

COMPANY: HtfriaGroup DATE: 2/2fl000 

MATERIAL: TVAWoodBaikfooDlartDigtiUatB BY: MRP 




The belt press resuKs show that the solids can be devMrtered to 26-29 wt%v^ A polymer 

dosage of 1-2 lbs/ton wU be required, in genera! the flttrete dailty Is poor , with solMs of 0.25 wt% or greater; 
In commercial operation the belt wash water wiD increase the solids 1^ removing residual solids tmm the 
belts. TVpicalhrtheoombinedbettwashwaterandthe fittratewincontaln 0.5-1.0 wl%for1^^ 

The tests were nin using a dUute feed concentnrtion, 3-4 wt% oompared to 11 .7 wt% fbr design. The abi% to 
flocculate the solids may be Impacted by this difference and eBher dilution of the feed, greater mixing 
intensity, mSlw increased polymer dosages may result c 



• Recommendations that reference test results and data 

Belt Press fiHers may be used. Based on solids rates the equipment would require 90 meters 
of belt vMh, (30 3 meter machines) . The fUtrate will require treatment or disposal with 0.25- 
1 .0 wl% solids in this fluid. Rnal caice solids win be 25-29 wt%. 



Based on the final solids content and the flitrate solids belt presses are not reconunended for 
this application. 

• Budgetary estimate ifthis equipment is recommended fDTthis application. 
Not required 



Liquid Solid Separation after 1st 8ti«e Hydrolysis 

1. Belt fitter was tested, but the folowingaddlionallnfbnrnaiion should be pro^^ 



The conclusions and recommendations In the October report needs some dariflcatlon 
and some addillonal information • 

How much wash water Is required b requbed to achieve the taiget sugar removal 
level of 05%. 



The quantity of wash water required Is 1144 gpm using two stages of oounter-cunent wash. 
This is 4.43 IbsAb. solid or about 1 .1-1 2 lbs/lb. feed sluny. 

• There appears to be some problem the uilt in the oondusion regarding acetic 
add removal. Fbr example the report slates that the inWal acetic add content was 
23,000 g/kg in an unwashed cake. That equates to 23 kg/kg. which isn't possible, 
nease check result to see if it effects your analy^ of the result and equipment sizing. 

The add content listed in the design criteria Is for 1.4-2.2 wt% add. This woukl represent 
ooncentratkm of 14-22 g/kg. The analysis was 23 g/kg. inuring the test evaluation the 
oohcentraUon was m&interprMed as 23,000 g/kg iand this shouU have been as 1^^^ 




Equipment dzing If this eqidpment is recommended fbr this appiicaUon 



The targets fbr acetic add are: 



Taigsts 


Calwl\Aoistura,wt% 


Liquor Concentration, g/ltg 


AA maximum limit - 3.3 g/ko 


67 


4.02 


AA desiredlimit • 1 .65 g/kg 


67 


2.46 


AAMirelimtt-7.1g/i(0 


67 


10.6 



The taigets are assumed to be on a wet cake basis and the concentration In the liquor is 
calculated to allow evaluation with the wash correlation. 



Table 6 

Process 1 00/300 vacuum filter sizing 
Errorl Not a valid link 

These data are based on application of a two wash stages usir^j two displacements of water per stage. This is 
slightly more than the maximum required for make-up (989-1074 gpm) If additional wash water is used then 
the recoveiy of sugar and add wOl increase slightly. This design Is sufficient to meet the tafgets for aceUc add 
In the final cake. 

The sugar recoveiy win be 95% or greater. To increase the sugar recovery to 98% would require 4 
displacements (2204 gpm) applied as 3 stages of wash. This wouM result In the filtrayon rate decreasing t)y 
nearly 50%. To use the minimum water and achieve 98% recovery wouU require 4-6 displacements to 
approach the desired value. At six displacements the filtration rate wouU be 16.4 Ibslhim compared to 32.3 
at the two displacement two sti^e scenario. 



• ProvMe a budgetary estimated fbrthe recommended equipment 
Gene Haas wM provUe this under separate oover. 
2. Filter press was tested. No test results were presented to support recommendations or condustons. 



Sincerely, 



Vaughn Weston 
Process Engineer 
601-528-2329 



TabtoO 

PrDcoM iOjWSOQ vacuum llltor lUng 
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REPORT OF INVESTIGATION WHams Gropp inc. W Aug-2000 

SUMMARY 

Dewatering tests were conducted on two samples of material from a Biomass conversion 
process. The first stage acid hydrolyzed material was filtered and washed using horizontal belt 
vacuum filters and pressures filters. The results indicate the material can be filtered from 
about 26 wt% solid to produce a final cake containing about 33 wt% solids. The material will 
need to be diluted to about 20-21 wt% to provide a feed that can be delivered to the filters. 
The wash and/or filtrate liquors may used for this dilution. 

Filter sizing is provided in this report 

The second sample, the distillate was dewatered using pressure filters, centrifuges, and twin 
belt (belt press) filters. These results have not be evaluated at this time and will be provided in 
a final version of this report. 
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REPORT OF INVESTIGATION WHarris Group Inc. W Aug-2000 
INTRODUCTION 

Harris Group Inc. submitted three samples for the following process operations: 

• Centrifugation 

• Vacuum Filtration 

• Pressure Filtration 

• Belt Press (Twin Belt) Filtration (Expression) 

The samples represent two treatment conditions. The first sample was hydrolazate containing 
acid and sugar residue that requires dewatering and washing to recover the acid and sugar. 
The third sample was a complement to this sample to provide liquid to re-slurry the primary 
sample. 

The second sample was the hydrolazate residue which requires dewatering for final disposal 
by incineration. Maximum cake solids are desired for this material. Cake washing was not 
required for this material. 

Treatment Objective 

The target treatment objectives are listed in Table 1 



Table 1 
Treatment Objectives 



PROCESS TARGET OBJBCH VES 
Product stream: 

SolldsTaigets 


Lioidds and Solids 
units 

Process 100 


Process 300 


SoUds ConoenMlon 




60 


6a9% 


Sohite GanoentraHon (dry basis) 


wt% 






UqiddTaigets 


Suspended SoQdi | wl% 


ai 1 ae 
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De^n Criteria 

Table 2 lists Vne basic design criteria provided by Harris Group Inc. 



Table 2 
Process Design Criteria 



PROCESS DESIGN: 


1 unltt 


Proem 100 


ft-octssSOO 






889 


868 




SGUD8 COtCam^ATKM: 


: Wt% 


26.1% 


28.1% 


iSOUDSRfVTE 


i Ibs/hr 


129.180 


129,180 


jTotal 8us|»nd«d SoUds,(TS9 




26.1% 


26l1% 


]Totd Dbsotved telds. (TDG) 


1 wt% 


d.1% 


&1% 


jSoMsDirolty 


: OfeC 






islunyOinslly 


Q/CC 


l.itt 


1.138 


jUquorDinslty 


S/cc 


0J8 


OM 


[pH. 


i units 






jTempe latum: 


i -F 


214 


214 




Chemfcal Analyslcf SpedN) 








[Addiwiiurtc) 




1.»4 


1.M4 




i i 
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TEST PROCEDURES 

Laboratoty tests were conducted using standard procedures developed by Baker Process 
(formerly EIMCO PEC) during the past 50 years. Specific written procedures will be provided 
upon request of the client. 

Solids analysis were performed by drying at 102 oC until a stable weight was obtained. This 
was due to the high dissolved salt content in some of the ssimples. 
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DISCUSSIOM OF RESULTS 

Sample CHARACTERiiATiON 

The samples was analyzed for the following parameters as listed in Error! Not a valid link. ; 



Table 3 
Sample Characterization 





Parameter 


Units 


Sample 1 Sample 2 Sample 3 | 




PH: 


unite 


1.6 




1.6 




Tempeialuie: 


•c 


ao 


ao 


20 




Total Suspended Solids tT5S): 


wl% 




3.64% 


7.89% 




Total Solids (TS): 




3ao% 


asm 


ia8i% 




Total OsBoived Solids (TD8): 


Wf/o 




a64% 


10.99% 




Sluny Density: 




1.010 


1.010 


1080 




Solids Dendty. 


gfoc 








Uquortoid^ 




1.060 


1.000 


1.050 



Vacuum Filtration Test Results 

Vacuum filtration tests were conducted to determine the filtration requirements to dewater a 
slurry containing Distillation Solids. The objectives of ttie filtration tests included; 

• Determine the cake filtration rate 

• Determine the cake washing rate 

• Determine the cake diying rate 

• Determine the air flow and related vacuum requirements 

• Detenmine the filter requirements to process the material described in the design 
criteria. 

VACUUM FILTRATION DISCUSSION OF RESULTS 

The test procedures and data correlation's discussed in the following section are based on 
metiiods Baker Process (EIMCO) has developed to optimize the evaluation and design of 
filtration equipment This report is prepared using these correlation's. The data correlation's 
are used to detemiine design relationships and these are tiien used to calculate the function 
times and filtration perfonmance. 

VACUUM Filtration Test Procedures 

Vacuum filtration tests were conducted using laboratory procedures developed by BAKER 
Process to determine the various filter functions. A copy of ttie test procedures is available for 
reference. This may be requested from Baker Process If not submitted witti the report The 
data collected are con-elated using various relationships to determine the design parameters 
for the vacuum filter. These data are described in the following discussions. 
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Cake Weight vs Cake Thickness 

Figure 1 shows the relationship between the filter cake weight, mass dry solids/filter area. The 
data can be represented by Equation 1 . 



Eauatiori 1 



W = kJ 
Where: 

W= CateWelght mass /unit area (lbs /ft*, 
= CoireialionConstantfior design 
= Cake Thickness, mm 



kg/m') 



The correlation constant are listed In the Figure for the design conielation line(s) shown. The 
line labeled as Design Correlation will be used for filter design. 



2S 



20 



Qflurel 
Cake Weight vs Cake Thickness 



1 1 




»0»*l^ Corrilitton 


• 


Ttfts 1-S 


■ 


Tt«U •>tO 




Tt«tt 11-1 f 


K 


T««lstUO 


X 


T*MS I1« 



Ovsl^t Corraladon 
W»ao«nT 




IHOCESS CONGITIONa: 
Mtftrlrf DMcdptten: I 
VMuum Level, bQi » 
HKsraaaKCfeNntiniT 



2D 
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The slope constant from the Design Correlation line is entered into the Filter Sizing summary 
table where the cake weight for the selected design cake thickness is calculated and then 
used to determine the filter function times from the rate correlation's. 

The cake thickness is selected to provide acceptable discharge from the operating filter. The 
minimum cake thickness will vaiy depending on the type of filter and the discharge 
characteristics of the material. The minimum cake thickness that can be discharged from the 
filter will produce the maximum cake filtration rate. The minimum thickness* for the equipment 
being considered are listed In Table 4: 



Table 4 




Discharae Cake Thickness 




Filter Type 


Discharge 


IVIinimum Cake 


Mechanism 


Thickness for 






Discharge 


EIMCO EXTRACTOR® horizontal belt Filter 


Belt Discharge 


3 mm (1/8") 



For this application a 1 Inch (25 mm) cake is selected because the cake formation time is 
relatively short and there is a need to evenly distribute the slurry across large filters will be 
necessary. Thinner cakes will make this process more difficult 



Cake formation Rate 

The cake fomiation rate is determined by plotting the dry cake weight with respect to the cake 
form time, using a log-log relationship. The data conelation can be described by the general 
equation shown in Equation 2 which is derived from filtration theory. 



Equation 2 

Where: 

W = Cake WeisIM, mass (ky saltfree sofds / unttfiHer area 

= Intercept constant at Fonn Time of 1 
e, = Foffli Time, time units of seconds or minutes 
0.5 H Slope predtetedftcmlBhaliontheoiy 



The test data are shown in Figure 2. The primary data that Is used for design is represented 
by the design correlation line. The equation for this line is listed in the figure. The constants 
from this equation are entered in Filter sizing Summary Table and used to calculate the cake 
form time for a selected cake thickness. 
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Figure 2 
Cake Weight vs Form Time 



10 
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Cake Washing Rate 

The cake washing rate is determined by plotting a wash correlation factor with respect to the 
wash time. The wash correlation factor is the product of the cake weight, W (mass/unit area) , 
and the wash volume Vw(volume/unit area) i.e. W x Vw (lbs/fp-gal/f?;kg/m^.|/m^) The cake 
weight is used as a method of normalizing the data for variations In the cake resistance. If the 
cake weight changes, then the resistance also changes resulting In an expected proportionate 
change in the wash time. Similariy. If the wash volume is changed the wash Ume is also 
expected to change proportionately. The data are represented by Equation 3. The test data 
are shown in Figure 3. 
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Equation 3 

Where: 

W- Cake Weight, mass saltfess solids /unit area 
1^^ = Wash Volume, volume /unit area 
^3 = Slope constant for correlation 

= Wash Time, units of seconds or minutes 



This is one of several correlation's that may be used for this purpose The wash time is plotted 
on the X-axis to provide consistency. The function times in all of the correlation's are plotted on 
this axis. 



r 



Figures 
WVw vs Wash Time 
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The data will generally follow a linear relationship. There are several reasons why the 
con-elation may not be linear including; 



• Changes in the wash wate r temperature. 

• Removal of cake liquor which has different viscosity than the wash liquor. 

• Cake compacts as the mother liquor is removed from the cake causing the 
cake to compress and become more resistant. 

• Cake cracking occurs allowing the wash liquor to short circuit the cake. 



The design correlation line shown in the figure is placed to best represent the data. Where the 
data does not provide a straight line relationship the design line is placed such that the 
expected design condition will be on or near the design line. This procedure allows the design 
values to automatically be entered into the filter summary table. 

Cake Drying Rate 

The cake drying rate is determined by plotting the final cake moisture content, or the cake 
liquor content as a function of, or with respect to, a con-elation factor or approach factor. An 
empirical factor that includes the pressure drop across the cake (vacuum level), Air flow, cake 
weight, drying time, and liquor viscosity was developed. The relationship is shown in Equation 
4. 



Where: 

AP = Pressure Differential (Vaccum Level) 

W = Cake Weight, mass / unit area 

m - Air Flow, Volume /unit time /unit area 

®d = Dry Time, unit time 

M = Liquor Viscosity, 



Equation 4 
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In many applications several of the variables will remain constant and the relationship can be 
simplified to that in Equation 5. The dry time at any specific moisture content can be calculated 
from the value of the conrelating factor by factoring v^th the design cake weight The test data 
are shown in Figure 4. 



Figure 4 
Cake Moisture vs QJ\N 



80% 



70% 



60% 



so% 




30% 



20% 



10% 



4X0 eao eao 

OryHmcAAf, SdcondsfOli/Sq.PL) 



iaao 



Equation 5 



Cake Moisture, wt% 
Where: 

W a Cake Weight, mass / unit area 
s Dry Time, unit time 
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Airflow 

The air rate is shown with respect to the dry time in Figure 5. The air flow rate increases with 
time as the liquor in the filter cake is removed. Once the dry time is determined then the air 
rate can be calculated to size the vacuum pump for this application. The design point selected 
for this application is at the expected design cake thickness. The air rates listed in the figure 
for the specific filter type corrects the air flow rate during the dry period to the entire filter cyde 
time. 



Figures 
Air Rate vs 0h 




0 10 20304)60 00 70 60 90 

DryTlni«,8«eonds 



» OwigiiC»«»^l>ii 


■ 








• 
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■ 







This factors in the selected dry time and the related filter functions of fomn, wash and cake 
discharge. 
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Cake Wash!nq Effectiveness 

Cake washing on a vacuum filter is accomplished by displacement of the mother liquor from 
the fonned cake. Data are nomnally con-elated by plotting the Fraction of solute remaining. R. 
in the cake that remains in solution with respect to the number of wash displacements, N. This 
is the volume of wash liquor applied/volume of final cake liquor. The relationships are shown 
in Equation 6 and Equation 7. 



Equation 6 

Where: 

= Concentration of Solute in final cake liquor 
C, = Concentration of Solute in Feed Liquor 
= Concentratioln of solute in wash liquor 




Equation 7 



Where: 

= Volume of Wash Liquor 

= Volume of final Cake liquor (at end of dry period) 



For purposes of calculation the moisture content is assumed to be the volume of the final cake 
liquor. The volume of the mother liquor can be calculated using the liquor density. With 
application of the wash water the solute concentration is reduced and the liquor concentration 
will change. Because the density of the final cake liquor is not measured for each test, using 
the moisture content simplifies the calculation and allows the use of water at a density of 1 
g/cc. The test data are shown In Figure 6. The plug flow displacement is shown for reference 
and is used for calculation purposes in this evaluation. 

Once the total wash volume exceeds 4-5 displacements, or Three stages of counter-current 
wash in this application, the removal of additional solute is negligible. 
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RATE Calculations 

Calculation of the filtration rate for vacuum filters is accomplished using Equation 8 and the 
function times determined from the various con-elation's presented in the previous discussions. 



Equation 8 



FSFR = 



Wk60 
0- 



V\niere: 

FSFR B Full Scale RItratlon Rate 
60s Conversion Factor, minute / hour 
©rt = Cycle Time, minutes 
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The cyde time for horizontal belt filters is the sum of the filter function times, as shown in 
Equation 9. The interniediate function times. Ot .would include intermediate dry periods, wash 
periods, steam dry periods, etc. 



Equation 9 
•Horizontal Belt Riter Cvcle Time 

®«- oi ^ 
Where: 

®^ = Cycle Time, minutes 
0, = Form Time, minutes 

0, = Filter Function Time, minutes (any filter functions required) 
0^ = Dry Time, minutes 

0.8 g Scale up factor 



Filter Sizing 

Filter sizing is accomplished using the data correlation's and relationships described 
previously. Table 5 lists a summary of the sizing criteria, The filter constants from each the 
correlation's are selected. From these constant's the filter function times are calculated as 
previously discussed. A specific cake thickness is input into the data sheet and the rate is 
calculated for the specific condition and filter type. 
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Table 5 
HIter Siring Summary 









BMCO- 
BctractorHQF 


BMCO 
BdractorffiF 


Feed ftte, tt» dry toUds/hr 


129180 


129180 


D6tlgnRlterArea,fP 


5412 


6111 


FOterCloth 




CAT 


Vacuum Uvel.init- 


2aoo 


20XX) 


Airl^, cftn/ft2@Vaajum(3SeaUvBl 


323 


2.89 


Feed Conoentratioiv WtA 


2>>25 




Feed Temperihira, K 


105 




\^bsh Temperature, K 


6D 


flO 


Surry pH 


t-2 


1-2 


! 






Design Cake Thickness, mm 


2&00 


2S^00 


OtMlgn Orice WMght lbs/R2 


1.66 


1.€6 


Design Cake Moisture, wt% 


€7.0% 


67X)% 


Fraction Remaning, H 
final oondinitiai cone 


007 


007 


VUhshasplaBemttnts,N 
volume washMume cake Iquor 


1.89 


2.17 


Mimber of Vtesh Stages 


3 


3 


DfesJgn Influent Solute Concentration. wt%: 


01 


9.1 


Sotute Conoentralfon 
HniiCakeUquor,wt% 


<A 


<X4 


FUtratlon f^, lbsmrm^(ind 08 Scale 19) 


24 


21 


1 


Fonn Time, seconds 


11 


11 


2 


V\fash Time, seconds 


173 


188 


3 


E>y Time, seconds 


IS 


15 




Cycle Tbnt, Minutes 


<15 












Correlation Constants 








CakeThidcness<VMc«T) 


007 


007 




Form Time (mc,T^ 


OSO 


OS) 




Wbth OWw<^,*Vteh Time) 


0X2 


0iX2 




D7(DyrHne/W) 


039 


9^ 


a 




050 


050 
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Filter Press Dewaterin@ 

Dewatering tests using a filter press were performed using a small laboratory test unit The 
hydrolazate material was relatively coarse and caused problems In attempting to fill the small 
laboratory filter. The coarse solids caused plugging In the feed pump. Tests were performed 
by screening out the ■<■ 16 mesh solids. 

The hydrolazate material, representing the 1O0 and 300 1"* stage process, filters very rapidly. 
A one inch cake forms at 10 psig within 10 seconds. The result is that a filter chamber is filled 
at very low pressure. Any increased pressure occurs near the center of the chamber with little 
compaction of the filter cake. The filter produces a cake containing 21 lbs. dry solids/ft3 of 
filter volume. The final cake solids are 30-35 wt%. depending on the effectiveness of an air 
blow to displace residual liquor. Compare to the vacuum filter at 33 wt% solids. In this 
application a recessed plate pressure filter will not produce a cake solids greater than the 
vacuum filter. A membrane plate filter would increase the solids slightly, to 35-40 wt%. but is 
limited due to the structure of the coarse solids that matte and prevent compression of the 
solids. The fine solids can be compressed with a membrane plate to produce 39-44 wt% 
solids. 

The filtration time is a function of the pumping rate to the filter. Table 6 lists the basic feed and 
wash rates for this application. The sizing is based on four machines with about 86% 
availability for filtration, cake washing, discharge and cloth washing. The number of chambers 
can be changed to affect the availability number. 

Counter-cun-ent washing on filter presses is WOT recommended. An Intermediate surge tank 
wouM be fBquired to hold the wash water between filter cycles. The volume would require 
10,000-20,000 gal vessels, which could be provided. The main issue is that the filtrate liquid 
would need to be free of suspended solids. If process solids are in the wash liquid they will 
filter onto the back of the filter doth. These can not be expected to be removed during the 
next filtration cyde such that eventually a portion of the filtrate drainage deck will become 
plugged with solids. This will affect the filtration and washing perfomnance. 

Wash temperature \m\\ need to be selected carefully. The filter plates selected for this 
application are high temp polypropylene plates. Although acceptable in higher temperatures, 
the plate material is susceptible to themial shock. The plate temperature needs to change 
gradually and therefore the differential temperature between the process temperature and the 
wash temperature should be minimized. 

Membrane plates were not evaluated on the hydrolazate material. The use of membranes vwll 
increase the solids concentration slighUy 3-7 wt%, based on tests with the distillate solids. 

An automated filter press is recommended to provide less operator attention. The automated 
filter will require a doth shaking device and a flood/doth wash to remove residual cake from 
the chambers. 

Because of the low cake density there is a potential that some of the cakes may leave pieces 
In the filter chambers. For conventional filter presses this may require an operator present 
during discharge and vtfill result In increased discharge times to move each plate individually. 
The result is a short processing cyde 10-15 minutes and a long discharge and doth v^sh 
cyde of 45-50 minutes. Cloth washing may be required and the sizing of conventional niters 
assumes one wash cyde/day for an average of 10 minutes per cyde. The automated filter will 
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wash on each cycle but will only require 2 minutes maximuai/cycle. The flood wash used with 
the automated filter will remove residual pieces of cake that may hang up. The result is that 
some additional processing capacity will be required. 

The cloth wash quantity will be large volume and short duration. The water will become 
contaminated with the residue solids. For design purposes a ciarifier should be provided to 
collect this water, clarify it and provide the source for the next flood wash cycle. Based on a 
flow of about 24,000-30,000 gal/hr (500 gpm) a 50-ft diameter ciarifier is suggested. 
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Table 6 
Filter Press Sizing Summary 



1 

«.....« 

i 


2x2 

w 4% & 

meter 
plates 


PaaH RafeA Ihjc slunvlhr 
rwu fiaujf iv«h aiuiijfiiir 


494,942 


0011U9 wonccfiMauwii) WwD 






129 180 

I4b9, low 


Dilution Concentration, wt% 


21% 






Cake Densltyt Ibs/tr 


21 




6161 


Filtration Time, minutes ^ 


6 


Wasrih finne, minutes 


6 


Air Blow Time, minutes 


2 

9 


Discharge Time, minutes 


Ciotn/Flood Wash, minutes 


2 


Cycle Time, minutes 


iS 


vyciesrnour 


3 Ifi 




t%f\ Dafn nntn /tiiforn Will 

rtstsa T%aiB, gpiii |<tv6icig6| 


Mir f\et| U, SdlTIr 11^ 


1 00 






Wash 


982 
963 






Filter Volume Required^ fP/cycle 


1948 










Volume, ftVchamber 


5.65 


Number of Chambers 


345 


Number of Chambers/Filter 


100 


Number of Filters 


. 3.4S 


Filter Availability ( Based on 4 unite) 


86% 
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CONCLUSIONS AND RECOMMENDATIONS 

Based on the filtration tests results from the hydrolazate material the use of horizontal belt filter 
is recommended for dewatering and washing the solids. The requested design is for 5-6 
counter-current wash stages/filter. Generally with a 2<lisplacement wash the use of 3-4 
stages is the maximum number that is required to effectively remove the solute. It is 
recommended that the evaluation include the reduced number of wash stages because of the 
savings in the number of filters required to process the solids. With the requested number of 
stages the 100 Process will require six (6) 145 m^ filters, and the 300 Process will require 
seven (7) of these units. If the number of wash stages Is reduced to three (3), then the 
number of filters will be four (4) for both processes. 

Filter presses may be used in this application. The recommended design would be with an 
automated design to insure cake discharge. This is necessary to reduce the equipment size 
and reduce operating labor. Standard recessed or membrane plate filter presses will require 
operator attention to insure that cake discharge occurs. With the size of the filters required 2 x 
2 meter or larger with 125-150 plates/filter a total of 8 filter would be required. With the 
expected discharge time a minimum of one operator would be required for every two filters. 
With Automated filters one operator should be able to handle the entire filter system and four 
filters would be required. The automated option will require a thickener to clarify the cloth 
wash/flood wash water. 
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Harris Group Dewatering Test Work Samples 



NREL In-House 



Cuirent Suboontroctor 

□ 



CRADA 

□ 



Other 

S 



Andy Aden 



NBO 2275. pp 062-063 



054)4-00 



OS-12-00 



13 solids and 8 liquids 



14 



Analysis eff s&mplQS for total solids content, gtuooso. xyloso. 
and acQtic-add. 



Work roquirod: 



San ^rfc P rep 



Add Digest HPLC 

□ HI 



YSI 

□ 



GC 

□ 



Analysed in-houso &ccord{ng to NREL 
t,aborBtDry Analytical Pfoceduras. 



CHN 

□ 



Ottter 

□ 



Results and Commente 



Sasnipte 


[E] mg/ml 
G X AA 




d] % Dry Weight 
TS 




1 Beltpress Tost D-l filter caKe 


nd 


nd 


nd 






27.32 


















2 SeltprosG Test D-2 filter catc® 


nd 


nd 


nd 






28.60 


















3 Beltpress Test D-2P flttor catte 


nd 


nd 


nd 






34.16 


















4 BeKpress Test D-3 fllter caCte 


nd 


nd 


nd 






24.74 


















5 Beltpreos Test D-4 tteir cake 


nd 


nd 


nd 






25.33 


















|6 Beltpross Test D^E filter cake 


nd 


nd 


nd 






28.39 


















7 Pressure Alter test P-3 tOter cake 


nd 


nd 


nd 






49.61 


















8 Pressure filter test P-<^ filter cako 


nd 


nd 


nd 






4^09 


















i9 Pressure filter test P-S filter cakQ 


nd 


nd 


nd 






35.59 


















10 Pressure fliKer test P-6 filter cake 


nd 


trace 


nd 






37.26 


















1 1 Centrifuge test 1 cake, distillate 


nd 


trace 


nd 






23.10 


















1 2 Centrifuge test 2 cake, distillate 


trace 


trace 


nd 






22.55 




















0.19 


trace 


nd 






23.08 


















|13 Centrifuge test 3 cake, distillate 






























14 Centrifuge test 1 centrate. distillate 


nd 


0.48 


0.83 






Z85 


















. 1 s Centrifuge test 2 centrate. distillate 


nd 


0.S2 


0.94 






3.17 


















1 1 6 Centrifuge test 3 centrate. distillate 


nd 


0.57 


1.29 






3.18 


















1 7 BeKpress test D-1 gravitv drain Uc^uor 


nd 


nd 


3.57 






Z48 


















1 8 Bettpress test D-2 gravity drain liquor 


nd 


nd 


2.53 






2.35 


















1 1 9 Beltpress test D-C gravitv drain liquor 


nd 


0.32 


2.08 






^40 


















20 BP pressure cormposite 


nd 


0.09 


5.02 






3.52 


















21 P-6. pressuro filter test 9 filtrato 


0.09 


0.06 


2.03 






2.67 
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April 7, 2000 

Mr. Lynn Montague 
Harris Group Inc. 
1000 Denny Way 
Suite 800 

Seattle, WA 98109-5336 

SUBJECT: Thermo Black Clawson Inc. Quotation No.5212 
Dear Mr. Montague, 

Please find enclosed the Thermo Black Clawson' s Quotation No.5212 for a 1500 
BDST/D fermented biomass washing equipment. Attached also are the mass balances 
for Process 1 00 and Process 300 for your review. 

The Process 100 would require three type "D" 8m x 20m 5 stage Chemi-Washers to 
process 1,500 BDST of the fermented biomass. The washers would be run with a 
dilution factor of 1.5, which translates into 940 gallons of wash water per BDST of the 
femiented biomass. The washed biomass would be discharged at a consistency of 
about 26%. As requested, acetic acid concentration In the filtrate firom the washed 
biomass would be no higher than 1.7 g/l. 



The Process 300 would require four type *EMOm x 22m 6 stage Chemi-Washers to 
process the same as above amount of the fermented biomass. The washers would be 
run with a 2.5 dilution factor, which corresponds to 1,105 gallons of wash water per 
BDST of the fermented biomass. As requested, the washing efficiency for glucose 
would be no less than 95%. 

We are confident that the equipment in this quotation will provide the most cost efRcient 
process solution for the project. 

We look fonA/ard to working with Hanris Group Inc. on this project. Should you have any 
questions, please contact the writer at (513) 420-8383 or Mr. Guillemio Dietrich at (513) 
420-8385. 



RyszarofSzopinski 
Product Manger 

cc: Mike Stephens 
Capital Sales 
CPG 
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Very Truly Yours. 



THERMO BLACK CLAWSON INC. 




THERMO BiACBC CftJ^WSOW IMC 



A Thermo Rbertek company 

Middletown, Ohio USA 



QUOTATION No. 5212 
ONE BLACK CLAWSON TYPE "D" CHEMI-WASHER^ 
533.3 BDST/D Fermented Biomass 

FOR 

HARRIS GROUP INC. 

SEATTLE. WA 
FROM 



THERMO BLACK CLAWSON INC. 
CHEMICAL PULPING GROUP 
MIDDLETOWN, OHIO USA 



QUOTATION N0.6212 



PERFORMANCE DATA 

The pulp to be washed is defined as follows: 

Raw Material Fermented Biomass 

Headbox Consistency 12.0% minimum 

Inlet pulp temperature 1 00°C 

Drainage Characteristics Tested by Thenno Black Ciawson Inc. 



For this pulp the Chemi-Washer will operate under the following conditions: 



Design Tonnage 533.3 BDST/D 

Suction Area 160 m' 

Suction Width 8 m 

Suction Length 20 nn 

Wire Width 8.15 m 

Basis Weight 0.52 lbs/ft^ 

Speed 55 ft/min 

Wash Water Temperature QO'C minimum 

Dilution Factor 1.5 

Wash Stages 5 

Vacuum 0.6-1.0 mHjO 

Hand of Machine Right* 



*NOTE: When standing In the tending side aisle, and facing the machine, the stock will 
travel from left to right. 
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THERMO BLACK CLAWSON INC. 



A Thermo Fibertek compony 
Middletown, Ohio USA 



QUOTATION No. 5212 
ONE BLACK CLAWSON TYPE "E" CHEMI-WASHER* 

400 BDST/D Fermented Blomass 

FOR 

HARRIS GROUP INC. 

SEATTLE, WA 
FROM 



THERMO BLACK CLAWSON INC. 
CHEMICAL PULPING GROUP 
MIDDLETOWN, OHIO USA 



QUOTATION NO.S212 



PERFORMANCE DATA 

The pulp to be washed is defined as follows: 

Raw Material Fermented Biomass 

Headbox Consistency 1 2. 0% minimum 

Inlet pulp temperature 10O°C 

Drainage Characteristics Tested by Thermo Black Clawson Inc. 



For this pulp the Chemi-Washerwill operate under the following conditions: 



Design Tonnage 400 BDST/D 

Suction Area 220 m^ 

Suction Width 10 m 

Suction Length 22m 

Wire Width 10.15 m 

Basis Weight 0.52lbs/fe 

Speed 33 fl/min 

Wash Water Temperature 60°C minimum 

Dilution Factor 2.5 

Wash Stages 6 

Vacuum 0.6-1.0 m HjO 

Hand of Machine Right* 



*NOTE: When standing In the tending side aisle, and feeing the machine, the stock will 
travel from left to right. 
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TMCRWIO BLACK ClAWSOii IMC 



A Tharnie Fiberkli componjr 




Technical 
Report 



RvcydMi Fib^r • Owmlcal Pulping • Stock Preparation 



THBRMO BLACK Ci-AWSOW IMC, 

A YIm'iiio Rbcflvk compwiy 

TedmolQU Ccater - MUdtatpwo, Oblo 

April 6. 2000 
Rflpoft Number. 41,031 



Counter-Current Washing Trials on 
Bagasse Blomass 

For 



Harris Group Inc. 
Scattte,WA 



By: 

Oiulknno Dietrich-Vdiaiiia 



Tbermo Black Clawion Diitribatiftn CustMBcr Blttribntion 

MnCikhfeU/R&Dnici JotoCLte 

P«cyBn»ks/D.&aiai*i^RftO Files LyoaMoataVM 

Micfaad A. Sknm/RAD FUes 

MgnyAppUcsttai BDcbncn / RAD Rlet 

I. C Km/Basinen OMlopiiKiit 

KuitKobdt 

lobttOnoa 
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THERMO BLACK CLAWSON IMC> 

A Thermo Fiberteic compony 
lUpoit Number: 41,031 Date: April 6, 2000 

Counter-Current Washing Trials on Bagasse Biomass 
SUMMARY 

The objective of this trial was to evaluate the washing efficiency of a 4*stage, 
counter-current washing process, on bagasse biomass using a drainage tester. 

The consistency of the as-received, fermented bagasse solids (FSAR) was 28.1%; 
it's texture is very similar to a paper mill's sludge. The liquid portion of the FSAR is a 
solution of sugars, acetic acid and other organic compounds in an aqueous, diluted acidic 
media having a pH of 1.6. It was determined that each pound of FSAR required -l.S 
pounds of water or dilution liquor to make it pumpable 

Seven different washing tests were performed. These tests simulated one or 4 
washing stages, with fresh water additions of 0.59, 0.86 or 1.11 pounds per pound of 
FSAR. The fresh water temperature was 117 or 14S*F (47 or 63*C). Each test was run 
by triplicate. 

Samples of each individual washing stage filtrate, washed solids, composite 
samples of fresh water, shower liquors and FSAR were collected and sent to an 
independent laboratory for analysis of acetic acid and sugars. From the analytical data, 
the waslung efficiency for these components was determined. 

For one process (Process lOO, tests 2 and S) the desired acetic add content in the 
washed biomass should be a maximum of 3.3 g/Kg of liquor at 27% oonsistracy, with a 
desirable level of 1.65 g/Kg liquor. This is equivalent to a removal efficiency of 84% to 
92%. 

For another process (Process 300, tests 3, 4, 6, 7 and 8) the desued sugar removal 
efficiency should be at least 95%, with 98% being preferred. 

The production rate for dther process is close tol600 oven-dry short tons per day. 

It was found that the drainage characteristics of the FSAR are poor, so a large 
drainage table will be requured. 

It was also found that the addition of 0.59 lb water / lb of FSAR leads to a 
negative Dilution Factor giving a very low washing efficiency. It will be economically 
prohibitive to build a machine with 8 or more washing stages to wash a fraction of the 
production required at such operating conditions. 

The considerable amount of fines present in the FSAR led to a solids loss in the 
Formation Zone of approximately 18%. If the excess filtrate from the Forming Zone is 
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4,19 


28.79 


7.16 






4.47 


















11 


TostM Run 02 1st StasQ FiRrste 


4.a) 


31.88 


8.06 






4.^ 


















12 


Test tSZ Run tS^ 1 st Stago FiRrotQ 


4.93 


35.06 


8.99 






5.3f7 


















13 


Test 04 Run #11 st Stage Ftltrato 


5.09 


36.12 


8.92 






5.56 




















TostM Run m. 1st Stage Fittnste 


5.25 


37.35 


9.64 






5.73 


















15 


Test «4 Run m 1st Stage FOtrote 


3S9 


28.23 


7.42 






4.41 


















16 


Test #S Run #1 Ist Stage Fittrste 


6.17 


4Z32 


10.52 






6.58 


















17 


Test m Run tt\ 2nd Stage Filtrate 


5.75 


39.63 


9.86 






6.03 


















18 


Test m Run ^ 3rd Stage Fiftmte 


3.32 


22,92 


5.86 






3.58 


















19 


Test ^ Run e»1 4th Stage FIKrato 


1.50 


10.09 


174 






1.70 


















20 


Test Run m 1st Stage Filtrate 


5.89 


41.38 


10.53 






6.37 


















2? 


Tost ^ Run m 2nd Stage Filtrate 


5.19 


36.63 


9.35 






5.59 


















22 


Test «S Run m 3rd Stage FHtroto 


Z97 


20.89 


5.33 






3.29 


















23 


Test #3 Run m 4th Stage Flttnjte 


1.48 


10.22 


182 






1.78 


















24 




5.^ 


36.90 


9.17 






5.71 



















Aoorablnoso; AAoacdic add; CELocoBobloso: ETodhonoi; FAofonnic odd; FLafufftirol; Oogtuceoo; QApgalacteso: 
OLY»glycofol: Hi«Fc5-hydro3cymcthyl-2-furaldehydo: LAoIovuttnlc acid; LACatodie ocid: LASoocid soluble lignin; 
IWonumnooo; nio°m appfcoblo; nd^not dctoetod; nronot roquostod; SUCaouednle odd; TSclctoI oollds: X°xytoso; XYLoxylttol 



Nanwd) of CAT Staff Wofctng on Project: 

Ray Ruiz 



RevieiMdby: 







II II . .1 «. — M -nrn — n f =-=- 

CHEWIICAL ANALYSIS TESTING 
Anat\d:icai RCDOirt 












200(K032A 


2 of 2 








Sail 




[x] mg/nri 
C X AA 




Dry Weight 
TS 


















Test as Run tf3 2nd Stade FIllrBto 


5.03 


35.18 


8.98 






5.34 


















98 Test 83 Run tSZ 3rd SUoq FUtrato 


3.17 


22.08 


5.76 






3.45 


















27 


Test C6 Run 4th Stage FittratQ 


1.50 


10.26 


Z81 






1.67 


















28 


TestMRun#1 IstStsgQpUtrote 


5.6a 


40.19 


10.20 






6,12 


















29 


Tost Run 01 2nd Stage mratQ 


4.48 


31.64 


8.20 






4.78 


















30 


Tost »B Run m 3rd Stage ^Itroto 


Z43 


16.97 


4.48 






2.63 


















31 


Tost ^ Run ^ 4th Staga fUtnitQ 


MO 


7.54 


2.06 






1.26 


















32 


Test #3 Run ^ 1 st Stage PIKrate 


5.87 


41.58 


10.47 






6.35 


















33 


Test Run «2 2nd Stage Pitete 


3.79 


26.71 


6.95 






4.13 


















34 


Test Run d2 3rd Stage PHtratQ 


2.28 


15.94 


4.20 






^55 


















35 


Test 0S Run ^ 4th Stage FHtrate 


1.05 


7.17 


1S3 






1.23 
















36 


Test m Run S3 1st Stage FUtrate 


5.34 


37.83 


9.62 






5.77 


















37 


Test #S Run ^ 2nd Stage Fit^ate 


3.85 


27.12 


7.00 






4.29 


















38 


Test «8 Run 3rd Stage Filtrate 


2^ 


15.31 


4.03 






245 


















39 


Test ^ Run m 4th Stage FtKrate 


0.S6 


6.53 


1.82 






1.18 










,. .. 






OQ 


Test £7 Run £H list Stage FUtrstQ 


5.94 


41.87 


10.55 






6.44 


















4 
4 




Tost #7 Run m 2nd Stage FiKrato 


3.71 


26.07 


6.69 






4.04 


















2 




1.79 


1Z33 


3.23 






2.05 


















4 
4 


1 


Tost 0T Run m 4th Stage FHtrate 


0.85 


5.62 


1.39 






1.05 


















A 


Test Run ^ 1st Stage Fittrate 


5.50 


38.70 


9.88 






6.00 


















43 


Test £7 Run #2 2nd Stage Filtrate 


3.77 


26.37 


6.76 






4.13 


















46 


Test 07 Run «t2 3rd Stage FOtrate 


1.78 


12.23 


3.22 






2.03 


















47 




0.S5 


4.41 


1.16 






0.85 


















48 


Test tSf Run m 1st Stage Ftttroto 


4.69 


33.16 


7.99 






5.14 


















4 
5 


9 


Test fi7 Run #3 2nd Siaqe RKrote 


3.52 


24.63 


6.32 






3.92 


















0 


Test ^ Run OT 3rd Stage Flltfate 


1.S1 


13.19 


3.42 






i22 


















51 


Test iff Run m 4th Stage Filtrate 


0.86 


5.76 


1.56 






1.02 
















■ 


52 


Test #8 Run ilM 1st Stage Filtrate 


5.16 


43.48 


11.16 






6.71 


















S3 


TGSt 38 Run m 2nd Staas Piftrotc 


5.13 


36.34 


9.20 






5.S8 


















54 Test m Run t>i 3rd Stage RKrato 


3.14 


2Z(» 


5.81 






3.47 






















1 I.Ol 


J.l / 






2.00 


















56 


Test m Run tn 1st Stage FIttrate 


5.70 


40.28 


10.12 






6.37 


















57 


Test Run «a 2nd Stage Filtrate 


4.89 


34.58 


8.82 






5.40 


















38 


Tost Itt Run dtt 3rd Stoae Ftttrote 


2.94 


20.59 


5;J6 






3.33 


















59 Tost dB Run 02 4th Staao Plltrala 


1.51 


10.43 


2.80 






1.79 


















GO 


Test HA Run 1st Stage Filtrate 


4.94 


34.97 


8.85 






5.39 


















6 




Test »8 Run >^ 2nd Stage Filtrate 


5.19 


36.77 


9.37 






5.76 




















Test «8 Run m 3rd Stage Filtrate 


3.08 


21.58 


5.54 






3.47 


















63 


Test m Run ^ ^th SIrbq Piltmto 


1.59 


11.08 


3.02 






1.89 


















A°srabtno8o; AA°acc 
OLY»slycorol: HMf < 
Mamannose: n^aanot sppffe 


tie scid; < 
35-hydro) 
aMo; ndc 


motdcto 


obiose; E 
•2-ftjraldc 
cted; nr« 


rr°ethan 
hyde; 
>net rDqu< 


ol; FAofo 
^o|ovuiini< 
»tod: SL 


rmic odd; Fljeftaftiral; Ooghiwso: OApgotartooo; 
5 acid: LACofcietle odd: UASoocid coluWo ilgnin: 
IC»»ucdnte odd: TSotetd solids: Xoayiooo; XVU=ayttioi 



QmmiQkL AMALYSiS & TESTIS© 




lof 2 



BlaelkClswsoini Uqullds 



NREL lo-House 























■ 


■ 



Cumnt SuboonizQctor 

□ 



CRADA 

□ 



Other 
□ 



Mark Ruth 



NBg227g.pp(WOS1 



Analysis of Squids for tots! SQOds oontcftt and for fteo 
solublo gtucoM. xytesQ, and acetl»acld. 



01/27/2000 



Q2/04n000 



12 



Wortc reqidrod: 



ActdDiiteot 

□ 



HPLC 



YSI 

□ 



Anolysod Miouso according to NREL 
Laboratory Anatytlcai Procoduras. 
OC CHN Other. 

ana 



Rcautta 





0 X AA 




[7] ^DryWotght 
TS 




1 (Arming 2ono FDtf oto 


10.95 


76.44 


18.09 






nr 














2 Dlliition Uquor 


9.34 


65.31 


17.18 






nr 


















3 Ftrot fttoea Showor 


3.77 


26.28 


6.82 






nr 


















4 Second Stoflo Showor 


1.62 


11.06 


^93 






nr 


















5 Third Stogo Qhowor 


076 


4.98 


1.34 






nr 


















6 Frooh Wotor <4th Stoflo dhowor) 


nd 


nd 


nd 






nr 


















7 Toot l!lun(71 lot Stoflo FQtroto 


4.75 


32.82 


8.01 






5.23" 


















8 Toot OS. i^un 02. 1 ot Stofio PBtroto 


S.36 


38.00 


9.67 






5.86 


















8 Toot Run ^3 lot Stoflo (^Btroto 


5.79 


40.66 


10.50 






-622 


















10 Toot 173 Run 01 1 ot Stoflo Fttoato 


4.19 


28.79 


7.16 






4.47 


















11 Toot OZ Run OS. lot Gtogo PDtroto 


4.50 


31.88 


8.06 






4.99 


















12 Toot /73 Run OZ lot fitoflo IFOvoto 


4.93 


35.06 


8.99 






5.37 


















13 Toot 0^ Run 51 lot Stogo FBtroto 


5.0 


35.12 


8.92 






•5.56 
















14 Toot i74 Run i?2 lot StoRo PBtFOto 


525 


37.35 


9.64 






5.73 


















1 5 Toot 0^ Run i?3 1 ot Stogo FBteoto 


3^ 


28.23 


7.42 






4.41 


















16 Toot 0% Run 0% lot Staoo FRtroto 


6.17 


42.32 


10.52 






6.58 


















17 Toot 0^ Run 0% 2nd Stogo (?lHrQto 


5.75 


39.63 


9.86 






6.03 


















18 Teat B% Run ^1 3rd Stogo FOtrato 


3.32 


22.92 


5.86 






3.58 


















18 Toot /?5 Run £f1 4th Stogo FUtrato 


1.50 


10.09 


Z74 






1.70 
















20 Toot {76 Run (^2 lot Stogo FBtrato 


5.89 


4138 


10.53 






6.37 


















21 Toot ^6 Run OZ 2nd Stogo PUtrato 


5.19 


36.63 


9.35 






5.59 


















22 Toot ^6 Run OZ 3rd Stogo Flhroto 


^97 


20.89 


5.33 






3.29 


















23 Toot (76 Run OZ 4th Stogo FUtroto 


1.48 


1022 


Z82 






1.78 


















24 Toot 0% Run 173 lot Stogo FBtroto 


5.28 


%.80 


9.17 






5.71 



















ll 



I! 



Aoarabinoso; AAoacoUc odd; CgL<=>CGflobloso; ET°othanoi; fFMorwie add; FLpfUrftiroJ; Gc>9luco8o; GA°0atactO8o; 
QLYoslyeoml; HMFa3-hydraxyinethyl-24UrQklohydorU^°lG^^ odd; liACoIaettc odd; LASoodd sdublo flsnin; 
Offamonnoeo; n/o^not oppOeablo; ndonot detocted; nrsnot foquosficd; SUCaouecfrile add; tSstotal edMs; X°»yto9o; JCVLPi^lttd 



Vm^a) dT CAT Stuff wlnlEiii0 on Pftje^ 

Ray Ruiz 



Pi 



CnEM!CAL AMALYSDS & TESTING 




ResuttJt and Comments 







Fxl pngMil 






(H 


% Dry Weight 






Sample 




Y 
Jk 


AA 




IS 




25 


Toot 276 Run 03 2nd Stoao FOUoto 




«90. IQ 


8.98 






5.34 


















2d 


Toot Ofi Run 03 did Staao FPtrato 


O.l f 


ZZ.0O 


5.76 






3.45 


















27 


Toot Cf6 Run ^3 4th etacio ^olo 




4 n oc 
i0.2d 


^81 






1.67 


















2a 


Toot 09 Run 01 1 o« Stego IFfltrato 




4a 


10.^ 






^12 


















29 


Toot OQ Run 01 2nd Staao Plhrato 


4.4o 


31.64 


8.20 






4.78 


















30 


Toot 08 Run 01 3rd Stago Ffltroto 




16.97 


4.48 






^63 


















31 


Test i38 Run 4th Stago Pittrata 


1.10 


7,54 


^08 






1.28 


















32 


Testes Run(?2 lot Stago FUirotQ 


O.o7 


41.58 


10.47 






6.35 


















33 


Tost 08 Run C?a 2nd StegQ Flttroto 


3.79 


2o.71 


6.95 






4.13 


















34 


TQst OS Run (n 3rd Stego Filtratq 


^ oo 

2J2o 




4.20 






265 


















33 


Tost ^ Run t:?2 4th StQ^o FlftretQ 




7.17 


1.93 






123 


















36 


Tost 06 Run ^ 1st Stage Plltrota* 


0.34 


OT OO 

37.83 


9.62 






&77 


c 
















37 


Tost 06 Run 03 2nd Staao Flttrako 


3.00 


27.12 


7.00 
























38 


T<»8t 06 Run 3rd Stago IFUtrate 


2.20 


15.31 


4.03 






Z45 


















39 


Test 06 Run M 4th Staga PIMrata 


0.S8 


6.53 


1.82 






1.18 


















40 


Tost 07 Run 01 Stogc Filtrate 


5.94 


41.87 


1055 






€.44 


















41 


Teat at Run m Znd Staga FiKroto 


3.71 


26.07 


6.69 






4.04 


















42 


Toot 07 Run 0^ 3rd Stago FIltratQ 


1.79 


12.33 


3.23 






2.06 


















43 


ToQt 07 Run 01 4th Stago mtroto 


0.85 


5.62 


1.39 






1.06 


















44 Tdot07RunO2l8tStaffoPlftrBtQ 


5.50 


38.70 


9.88 






6.00 


















45 


Toat 07 Run 02 2nd Stago FIKrato 


3.77 


26.37 


6.76 






4.13 


















48 


Toat 07 Run OZ 3rd Stogo Flttroto 


1.78 


12.23 


3.22 






Z03 


















47 


Tost 07 Run m 4th Stago Ptttrato 


O.OD 


4.41 


1.16 






0.85 


















46 


Tost 07 Run 03 let Stago FiltratQ 


4.69 


33.16 


7.99 






•5.14 


















40 


Toat 07 Run G3 2nd Stago FOtroto 


3.52 


24.63 


6.32 






3.92 


















50 


Toct 07 Run C« Srd Stago FlKroto 


1.91 


13.19 


3.42 






2.22 


















51 


Toat 07 Run 133 4th Stago Filtrate 


n Dfi 




1.56 






1.02 


















S2 


Tost 08 Run 01 lot Stogo RNrato 




^O 

<^.4o 


11.16 






6i71 


















53 


Tact 08 Run 01 2nd Stago FIttrato 




lift 


9.») 






5.58 


















54 


Test 08 Run m Srd Stage Filtrate 


O. TiJ 




5.81 






3.47 


















55 


Tost 08 Run 01 4th Stogo Filtrate 


1.71 


11.81 


3.17 






200 


















56 


Toot 08 Run 02 lat Stago FRtrato 


5.70 


4028 


10.12 






6.37 


















57 


Tost 08 Run ^ 2nd Stago Filtrate 


4.89 


34.58 


8.82 






5.40 


















58 


Tost 08 Run 02 Srd Stago Fittrato 


2.94 


2059 


S.36 






3.33 


















59 Tost C« Run 02 4th Staao FIRrato 


1.51 


10.43 


2.80 






1.79 


















60 


Teat 08 Run 03 lat Stago Fittrato 


4.94 


34,97 


8.85 






'5.39 


















61 


Tost 68 Run m 2nd Staso Fittrato 


5.19 


36.77 


9.37 






5.76 


















63 


Tost 08 Run 03 Srd Stago Ftttroto 


3.08 


21.58 


5.54 






3.47 


















63 


Toat 08 Run OS 4th Stago Plltrato 


1.59 


11.08 


3.02 






1.69 




















Aoomblnoso; AAaocotIc odd: CEtPcoOoWooo; ETbothand; PA«ff9fmlc acid; Fl^iftjrol; ©°g!uco3o; QApgatactoso; 
OLY°0lyc0rol; HMFo54tydro«ymclhyV.2^rDldohydo; LMcMilInIc odd; LACoIoctic odd; tAS=odd ooluMo flgnln; 
fW=mannoso; n/a°not appllcablo; nd=not dotoctod; nronol wquooted; SUC^wcdiUc add; T3»t0tal cdldr. Xaxyleaa; XYl.^)Q^ 





CHIcivlluAL ANALYSUS & TlcSTUIiMKQ 






Amalyltiicall RepoTit 


2000-032B 1 


lof 1 




Bll£i€kClswson Solids 







NRBL 1d-Hou» 



Ciirreai SobcMtrictor 
c I 



CRADA 
c I 



Other 

□ 



MaikRmh 



01/27/2000 



Work required: 



21 washed 8oUda ond 1 "biomass as received" aolid 



AreM])8 ol coCds for tatd ooStb content oral (bf cntroinsdl 
flluoosa. atytese, ond acetie^cM. 
SanplcPrcp Add Digest 

□ □ 



02/0^/2000 



20 



HP] 



YSI 

a 



a 



Anfiiysod in-house sccording to NREl 
Laboratofy Anatytf cal ProcedureB. 



CHN 

D 



Other 

□ 



Reiulu and Commonto 





1 

[£ mgftnl 

0 X Mi 


H % Dry Weight 
TS 




1 vvuunea ooikio i axa^v i oox if a nun i/i 


3.49 


23.65 


5.73 






31.58 


















^ Mfnnttaifl SLAllHn 4 nten a 7on^/)9 Rim 
& WcUinBa OtIIIQu 1 0«Bne 9fcO\WanUni/A 


3.40 


23.50 


6.10 






32.00 


















•> vveuinsu ooiiau i uiana luucwarwnifw 


3.79 


26^1 


6.92 






31.58 


















A MfnnDuMfl SAilHn 4 n4n«io Tont fIS. Sim 
^ wuuntnl owiihu 1 uiuHti ■ uui wi9 nun wi 


4.10 


27.67 


7.10 






38.76 




















2.42 


16.42 


4.31 






^.84 


















6 Woohod SoUdo 1 otego Toot Run i?3 


2.27 


15.40 


3.98 






S®.75 


















7 Waohod Scrildo 1 staoe Test t:^ Run 01 


2.40 


16.35 


4.02 






30.42 


















8 WaohQcS Solido 1 otaflo Toot 06 Run (32 


^18 


14.75 


3.71 






30.73 


















9 Woshcd Sofldo 1 otags Teot (7^ tlJS 


1.88 


1Z50 


3.13 






30.77 


















1 0 Waohed Pulp ^ otage Tost OS Run CM 


0.76 


4.75 


1.21 






28.11 


















11 Woohod Solldo 4otQgeTQQt(?9RuiiC3 


1.08 


7.18 


1.80 






29.38 


















12 Wachod Pulp 4 otago Test t:^ Run 


0.94 


6.05 


1.50 






27.39 


















WaohodSondo 6 otage CC woohlng ToQt 
13 CSRunOI 


0.64 


3.89 


0.98 






27.84 


















Woohod SoSdo 4 otogo CO washing 
14 TeotCORunCS 


1.08 


6.60 


1.61 






29.47 


















15 Woohod SoOdo Tester Run ta 


1.06 


6.87 


l.ra 






28.27 


















Woohod SoUdo 4 otogo countorcurrent 
1 6 woohtng Toot Run 


0.64 


3.77 


0.67 






28.18 


















Woohod 3oUdo C o^go woahtng 1 .1 lb HZO 1 lb 
1 7 oolido QO received Teot 07 Run ^ 


0.77 


4.71 


1.07 






29.11 


















18 Washed Solido Test t77 Run 03 


0.86 


5.4S 


1.24 






28.39 


















19 Woohod SoHdo 4 otage Teot 08 Run 


1.54 


iO.S4 


2.52 






29.39 


















20 Woohed SoUdo 4 otage Taot 08 Run 02 


1.17 


7.68 


1.91 






^.02 


















21 Washed Solido 4 otsge Teot ^ Run 03 


1.30 


0.71 


2.06 






28.39 


















22 Btomass as received 


12.98 


90.39 


20.36 






38.17 














































1 





























A«arobtnooo: AAPoootic add; CELpcoRoltoe; EToothaiMl; FAofomic odd; PLphirftiTBl; C°ghwooo: OApgaladosd; 
QLY°glycerol; HMPo5-hydra)tyTnQthyl'2-hirald8hyde; LAplovuOnle od4; LACoiactfc edit UMA cdubb Dentn; 
Usmonneoo; n/oonot oppllcablo; ndsnot dotoctod; nr^not roquootod; SUCaoucclnIc add; TSototol ootido; Kc^uyioso; KYLn»y|}td 



Name(i) of CAT Staff Woricing on Project: 

Ray Ruiz 



Reviewed by: 



APPENDIX D 
PNEUMAPRESS 



MECHANiCAL 
EQUIPMENT UST 


REMARKS 


316 SS WETTED COMPONENTS 


316 SS WETTED COMPONENTS 


316 SS WETTED COMPONENTS 




316 SS CONSTRUCTION 


316SSCONSTRUCTK)N 


p 
8 


316 SS CONSTRUCTION 


316 SS CONSTRUCTION 


316 SS CONSTRUCTION 


316 SS CONSTRUCTION 


RUBBER UNEO 


CENTRIFUGAL TYPE AIR COMPRESSOR 




CENTRIFUGAL TYPE AIR COMPRESSOR 












NATIONAL RENEWABLE ENERGY LABORATORY 
GOLDEN, COLORADO 
EUMAPRESS - PROCESS 100 - UQUID SOUD SEPARATION 


ENCLOSURE 

FRAME 
MODEL NO. 








































HORSEPOWER 
RPM 
VOLTS 


60 HP 


60 HP 


60 HP 


50 HP 


300 HP 
1780 RPM 


300 HP 
1760 RPM 




25 HP 




400 HP 




25 HP 


250 HP 


250 HP 












EQUIP 
STATUS 
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HEAD 
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O 

i 

K 
Iti 
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MOD 341010X12-17 
4800 GPM 
200FTTDH 


MOD 3410 10X12-17 
4800 GPM 
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10"DIAX1VFTH 
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1 


u 

X 8 
b 


MOD 3410 10X12-17 
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Ij 

X 8 
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125PSfG 


1180 ACFM 
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u 
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1000 GAL 
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k 
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II 
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GOULDS 




GOULDS 




GOULDS 






COOPER 


COOPER 
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DISCHARGE CONVEYOR 
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PRIMARY FILTRATE TANK 
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WASH FILTRATE TANK 


WASH FILTRATE PUMP 


PRESS FEED TANK 
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going to be sent upstream the Chemi- Washer, it will be necessary to include a fines- 
liquid separator (such as a Dissolved Air Flotation clarifier) to treat such stream and 
prevent excessive fines buildup around the washing loop. Devices (e.g. belt press) for 
tUckening the separated fines should be also included. 

It was also found that multiple Chemi- Washers^ will be needed to achieve the 
production target 

Based on the data generated on the sample supplied and applying our sizing 
criteria, we recommend the following: 

• For Process 100, three (3) Chemi-Washers^, 8 meters wide by 20 meters long, with 5 
washing stages> will be able to perform the acetic acid removal at the desired 
efficiency. The fresh water addition vwll be -1 . 1 lb / lb FS AR. 

• For Process 300, four (4) Chemi-Washers^, 10 meters wide by 22 ineters long, with 6 
washing stages will perform a 95% sugars removal. The fi^esh water addition should 
be approx. 1,4 lb water / lb FSAR. 

Because of the FSAR's acidic nature and its temperature (lOO^C), the constaiction 
material for the liquor- and biomass-exposed parts for either Process should be 317L 
stainless steel. 




MichaeTA. Sieron 
Vice-President, Sales 



• Sr. Research Engineer 




>avid B. Chupka / 
Manager of Technology 
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OBJECTIVE 

The objective of this trial was to simulate the operation of a commercial Chemi- 
Washer*^ by using a lab-scale drainage testw and determine the washing efficiency of a 
one and a four-stage countercurrent washing operation. 

BACKGROUND 

The Chemi-Washer^ is a counter-current, dissolved solids washer which can 
afford high removal efficiency of dissolved solids in a fiber slurry vnik minimum fresh 
water requirements. 

The operational advantages of the Chemi- Washer® are: 

(a) Low dilution factor, typically 1.0. 

(b) High spent liquor concentration. 

(c) High washing efficiency. 

(d) Excellent turn down ratio at sustamed high efficiency. 

(e) Small space requirements. 
(Q No intermediate filtrate tanks. 

(g) Simple fan for vacuum generation. 

Qi) A wire life under normal operating conditions of 7 months. 

During the Chemi-Washer operation, the pulp is pumped into a Headbox for 
distribution onto a pin seam fabric wire. The fabric transports the pulp from the Headbox 
to the discharge end of the machine. Under the wire, from the Headbox to the discharge 
end of the machine, suction boxes collect all the liquid which is displaced through the 
pulp. The area between the Headbox and the first shower, called the formation zone, is 
designed to dewaterthe pulp from inlet consistency to displacement consistency.. 

Once the pulp mat is formed, it passes under a set of showers where the filtrate 
from the succeeding washing stage gently flows onto the pulp mat. By controlling the flow 
to the last shower, the dilution factor is set to the desired value -approximately 1.0-, to 
ensure a high level of dissolved solids in the spent liquor. The pulp is not re*diluted and 
mixed between washing stages, so displacement washing is the mechanism for recovery of 
the dissolved solids in the spent tiquor. Displacement washing permits the fulfillment of 
two major washing objectives: low dilution factor and high washing effidency. 

Stock dewatering and washing is accomplished by an integrated suction box- 
shower pump-centrifiigal fan-hood arrangement. The suction boxes of each washing stage 
are coimected to the shower pumps. A level controller maintains a vapor phase widiin 
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each suction box and controls the flow to the shower of the preceding stage. The vapor 
from each suction box is drawn into a centrifugal fan and recycled back into the hood. A 
pressure differential between the hood and the vapor phase of the suction box, provided by 
the fan, forces the liquor to pass from the stock to the suction box. This pressure 
differential is normally in the range of 0.6 to I *0 meters of water. 

The hood maintains a seal between the atmosphere and the suction boxes so the 
machine is virtually odor-free. The hood also prevents cooling of the pulp and shower 
liquor by the ambient air. This higher temperature improves the drainage characteristics 
of the pulp. 

Harris Group Inc. charged Thermo Black Clawson Inc. to determine the size and 
operating conditions of one or several Chemi-Washers able to handle a production of 1600 
oven-dry tons per day of bagasse biomass at 27% consistmcy. The final, washed pulp 
should meet the following specifications: 

% For one process (Process 100), the amount of acetic acid present in the washed pulp's 
liquor at 27% consistency should be a maximum of 3.3 g/Kg liquor; the preferable 
limit is 1.65 g/Kg liquor. 

% For another process (Process 300), the sugars (glucose and xylan) removal efficiency - 
based on concentration in the incoming FSAR-, should be 95% nunimum; the 
preferable limit is 98%. This figure applies to a washed pulp consistency of 27%. 



EXPERIMENTAL PROCEDURE 

The drainage testii^ trials were performed in the week of January 12 to January 
19, 2000. Mr. John Lukas from the Harris Group was present during the first two trial 
days. 

Sample and dilution liquor preparation : 

A 55-gallon drum of FSAR was sent for testing. The sample has a texture similar 
to paper milFs sludge. A consistency determination was performed on a kneaded sample 
from both top and middle of the drum. According to the process flowsheets, the 
consistency should be between 26 and 27 percent, which was similar to the sample in the 
middle. Since this will be the feed to the Chemi-Washer, water was added to make a 
visually pumpable suspensioa 



REPORT TO HARRIS GROUP 



THERMO BLACK Cl,AWSOM 

A Thermo Fibertek company 
R«poft Nuiribcr: 41.031 Date: April 6, 2000 

Counter-Current Washing Trials on Bagasse Biomass 

Because of the process' dilution water limitations, the only way we could make a 
pumpable suspension was to mix some of the filtrate from the forming zone back with the 
FSAR. 

A simulated steady-state dilution liquor was prepared by adding l.S parts of water to one 
part of FSAR, followed by mixing, settfing and filtration under vacuum using a standard 
Chemi-Washer (Duratech 2000) wire. The filtrate collected during this operation was 
used to dilute a second, fresh sample of FSAR and the process repeated two more times. 
After the tlurd concentrating stage, the liquor's pH was measured and found to be within 
0.2 units of the FSAR's liquid phase. 

The final liquor, having a suspended solids content of 1.4S percent, was identified as the 
"dilution liquor''. 



Drainage Testing Procedure : 

A lab-scale, drainage tester was used for these triab. A sketch of this apparatus is 
shown in Figure 1. 

The feed pulp was prepared by weighing a 67.2 grams of FSAR and then adding, 
with mixing, 100.8 grams of dilution liquor. This pulp had a theoretical suspended solids 
content of 12.1%, including the solids from the dilution liquor (11.2% excluding solids 
from dilution liquor). Table I shows the testing matrix requested by the customer. 



Table I : Drainage TesUng Matrix 



Test 




Washing 


Fresh Water 


Fresh Water 


Number 


Process 


Stages 


Usage 


Temperature 




1 




No Wash 






2 


100 


1 


0.59 lb /lb FSAR 


UT-F 


3 


300 


1 


0.86 lb /lb FSAR 


145"F 


4 


300 


1 


l.llIb/lbFSAR 


I45»F 


5 


100 


4 


0.59 lb /lb FSAR 


nrf 


6 


300 


4 


0.86 lb /lb FSAR 


145^ 


7 


300 


4 


1.11 lb /lb FSAR 


145»F 


8 


300 


4 


0.S91b/lbFSAR 


145'F 



Formation Zon^* 

To simulate drainage in the formation zone, the feed pulp was heated to 212*'F 
(tOO^C) and poured onto the wire in the drainage tester which was filled with warm water 
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DRAINAGE 
TESTER 



WIRE 



BALL VALVE 



/ 




TO VACUUM SOURCE 

- FILTRATION 
FLASK 



FIG. 1 : SKETCH OF DRAINAGE TESTER 
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to just cover the wire. The vacuum level in the filtration flask was set to 7 inches of 
water. The ball valve was then opened and the time required to a "dry line" was 
recorded using a stopwatch. 



Washing Stages : 

After performing the forming zone filtration, the vaoium was shut down, the 
drain^e tester d^ched from the filtration flask and the diluted formadon zone filtnute 
was discarded. 

The one or four-stage washing procedure was performed as follows: 

(a) Re-attach the drainage testa* to the filtration flask. 

(b) Set the vacuum level. 

(c) Place a gjven amount of shower liquor/fi-esh water (40 grams for runs 2, 5 and 8; 58 
grams for runs 3 and 6; 75 grams for runs 4 and 7) at a fixed temperature on top of the 
pulp mat with minimal disruption 

(d) Open the ball valve. 

(e) Us'mg a stopwatch, record the time required to get a diy line. 
(0 Close the ball valve and shut the vacuum. 

(g) Detach the drainage tester from the filtration flask. 

(h) Collect the filtrate from this stage in a plastic bottle. Seal tiie bottle, label it and set ft 
aside for shipping. 

(i) If more washing stages should be performed, then repeat stages (a) through (h). 

Triplicate runs for each one of the tests were performed. For tests 5 through 8, a 
simulated shower liquor for the 1^ 2^^ and 3^ stages was prepared according to our 
proprietary testing protocol Tap water at the stated temperature was used as shower for 
the 4* stage. The shower liquor temperature was set with a 14T? (8X) gradient between 
the fresh water and the first stage shower. Obviously, no traiperature gradient was 
established for runs 2 through 4. 

For a given test, the final pulp pad at the end of each run was collected, weighed 
and split mto two approximately equal parts. One part was again weighed and a 
consistency test was run on it The other part was placed in a plastic bag, sealed, labeled 
and set aside for shipment. From the initial weight and consistency of the washed pulp, 
the discharge suspended solids inventory was determined. 
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Preparation of constant streams and formation zone filtrate : 

Throughout all the tests, the composition of the shower liquors, dilution liquor 
and fresh water was kept constant. Samples of these streams (including filtered dilution 
liquor) were poured into plastic bottles, labeled and set aside for shipment. 

To prepare the formation zone filtrate, five Chemi-Washer feed samples were 
prepared according with the procedure described above. Each sample was then heated to 
212 and drained according to the **Fornung Zone"" procedure with the exception that no 
water was loaded to the drainage tester. An aliquot (430 grams) of the combined, 5 run 
filtrate was split into three parts. Each part was then filtered through a tared filter paper 
under vacuum imtil the filtrate was clear. This required two "passes". The suspended 
solids collected in the filter paper were dried to constant weight at lOTC. A suspended 
solids balance was then performed. A sample of the combined clear filtrates was poured 
into a plastic bottle, labeled as 'formation zone filtrate*' and set aside for shipment 



Analytical testing ; 

The following analysis were preformed in the Technology Center's laboratory: 

1 . Specific Gravity of all filtrates, showers and dilution liquor 

2. pH of all filtrates, showers, dihition liquor and FSAR's liquid phase. 

3. Consistencies of the dilution liquor, washed pulp and formation zone filtrate. 

4. Bauer McNett (TAPPI T 233 method) and 0.006*' slot Pulmac debris analysis on the 
FSAR. 

All individual filtrates and washed pulps, constant streams, filtered filtration zone 
filtrate and FSAR were sent to the NREL laboratory in Golden, CO for analysis of dry 
solids, glucose, xylan and acetic add content. 



RESULTS AND DISCUSSION 

FSAR : 

The consistency of the top and nuddle portions in the 55-gallon drum of FSAR 
were 32.2% and 28. 1% respectively. According to the process data, the consistency of 
FSAR should be between 26 and 27 percent. Therefore the middle portion of the sample 
was used for the drainage test trials. 
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The Bauer McNett analysis on the FS AR yielded the following results: 
Table IJ: Bauer McNett analysis on FSAR 



Solids retained on 28 mesh screen 


24.9% 


Solids retained on 60 mesh screen 


8.5% 


Solids retained on 100 mesh screen 


11.8% 


Solids retained on 200 mesh screen 


10.5 % 


Fines 


44.3 % 



On visual inspection, all the material retained on 28 mesh screen consisted mainly of 
chop pieces and shives. The amount of debris (chop, shives etc.) was quantified with a 
Pulmac Shives Analyzer equipped with a 0.006" (0.15 mm) slot screen plate: The 
average debris was 26.7% based on oven dry-solids. Table m ^ows the calculated 
composition of the FSAR*s fiber fraction excluding the debris. Such fiber length 
distribution is similar to a paper milFs sludge, which normally show very poor drainage 
characteristics. 

Table III: Bauer McNett analysis of FSAR's fiber fracti on atone 



Solids retained on 28 mesh screen 


0.0 


Solids retained on 60 mesh screen 


9.2 


Solids retained on 100 mesh screen 


16.1 


Solids retained on 200 mesh screen 


14.3 


Fines 


60.4 



Drainage Rates : 

The Data Sheets containing information of temperatures, vacuum levels, drainage 
times, amount of filtrate collected and discharge consistency for all the tests are found in 
the Appendix. The area available for drainage in the tester is 74 cm^ 

As expected, the FSAR showed very poor drainage characteristics. The 
calculated drainage rates were less than 1 .6 gallons per minute per square feet of drainage 
area in some washing zones. 



Specific Gravity and pH : 

• Tables IV to VII list the pH and Specific Gravity results. To minimize loss of 
volatile compounds, the specific gravity was measured wit liquors at room temperature. 
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Table IV : pH and Specific Gravity 



TEST# 


RUN# 


pH 


Specific 
Gravity 




2 


1 


1.8 


1.00 


2 


1.7 


1.01 


3 


1.7 


1.01 




3 


1 


1.9 


1.00 


2 


1.8 


1.00 


3 


1.8 


1.01 




4 


1 


1.8 


1.01 


2 


1.9 


1.01 


3 


1.8 


1.01 



Tad/e V: pH and Specific Gravity of Constant Streams 
Tests 2 ttirougfi 8 



Stream 



Fresh Water 



3"" Stage 
Shower 



2" Stage 
Shower 



1" Stage 
Shower 



FZFUtrate 



Temp. "F pH Sp. Gr. 



Dilution Liquor 



145 



122 



149 



127 



153 



133 



158 



176 



176 



7.7 



2.7 



2.5 



2J 



2.1 



2.2 



2.0 



1.6 



1.7 



0.98 



0.99 



0.98 



0.99 



0.98 



1.00 



1.00 



1.02 



1.02 
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Table VI: pH of Filtrates at Room Temperature 



TEST# RUN# 1" Stage 2"" Stage 3" Stage 4" Stage 




5 


1 


1.9 


1.9 


2.1 


2.4 


2 


1.9 


1,9 


2.1 


2.3 


3 


1.9 


2.0 


2.1 


2.3 




6 


1 


2.2 


2.3 


2.5 


2.8 


2 


2.2 


2.3 


2.5 


2.7 


3 


2.2 


2.3 


2.5 


2.8 




7 


1 


2.4 


2.6 


2.8 


3.0 


2 


2.S 


2.6 


2.8 


3.0 


3 


2.S 


2.6 


2.8 


3.0 




8 


1 


2.0 


2.0 


2.1 


23 


2 


2.0 


2.0 


2.1 


2.3 


3 


2.0 


2.0 


2.1 


2.3 


Table Vll: Specific Gravity of Filtrates at Room Temperature 


TEST# RUN# I*' Stage 2"° Stage 3"* Stage 4*" Stage 




5 


1 


1.01 


1.01 


1.00 


0.99 


2 


1.02 


1.01 


1.00 


0.99 


3 


1.02 


1.01 


1.00 


0.99 




6 


1 


1.01 


1.00 


1.00 


0.99 


2 


1.01 


1.00 


0.99 


0.99 


3 


1.01 


1.00 


1.00 


1.00 




7 


1 


1.02 


1.00 


0.99 


0.99 


2 


1.02 


1.01 


1.00 


0,99 


3 


1.01 


l.Ol 


1.00 


0.99 




8 


1 


1.01 


1.01 


1.00 


0.99 


2 


1.01 


1.01 


I.OO 


0.99 


3 


1.01 


1.02 


1.00 


0.99 
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Sugars and Acetic Acid analyses ; 

A detailed report of sugars (glucose and xylan) and acetic acid concentration in all 
samples -performed at the NREL laboratory-, can be found in the Appendix. A summary 
of those results is ^ven below. The following abbreviations are used: 

G = Glucose 
X =Xylan 
AA = Acetic Acid. 

UamsL 

Table VIII shows the average composition of the different Liquors for all the 
trials. The composition of the constant streams is included for comparison purposes 
(filtrate of the (n)th stage becomes the shower of the (n-l)th stage). 

For tests S through 8, there is a very good agreement on the sugars and acetic acid 
concentrations in filtrates and showers when using 0.86 and 1.11 lb water/lb FSAR. 
However for the tests usmg 0.S9 lb water/lb FSAR, the concentration in the showers are 
approximately half of the corresponding for filtrates. 

Tliis anomaly can be explained by using the concept of Dilution Factor. The Dilution 
Factor is defined as the weight of water entering the liquor system per unit weight of 
oven-dxy solids washed. For practical purposes, we can assume that the water leaving 
with the washed pulp came entirely fi-om the last shower and it can be assessed by using 
the water-to-fiber ratio (W/F), defined as 

%c 

Therefore the dilution factor (DF) can be calculated as follows: 

jyp ^ Water - (FiberXW/F) 
Fiber 

Where ^Tiber"' and 'Water'' are the weights of oven-dry fiber and water used during 
washing. 

Assuming a discharge consistency of 27%, the W/F will be 73/27 = 2.704 and the 
calculated dilution factors for the different amounts of wash water are: 
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Table VIU: Summary o1 Uquor Analyses 



STREAM 



Filtrates 

Average rog/I 



AA 



Showers 

Average mg/I 



I X I AA 



Forming Zone Filtrate 



Dilution Liquor 



10.95 



9.34 



76.44 



18.09 



65.31 17.18 



Te8t#2.1stStageFUtrate I 5.30 I 37.16 | 9.39 



0.00 



0.00 



0.00 



Test#3.l8tStageFatrate I 4.54 I 31.91 I 8.07 



0.00 I 0.00 I 0.00 



Test#4. 1st Stage Filtrate I 4.78 j 33.90 I 8.66 



0.00 



0.00 0.00 



TEST#S 
IstStage 
2od Stage 
3id Stage 
4th Stage 






5.78 


40.20 


10.07 


3.77 


26.28 


6.82 


5.32 


37.15 


9.40 


1.62 


11.06 


2.93 


3.15 


21.97 


5.65 


0.76 


4.98 


1.34 


1.49 


10.19 


2.79 


0.00 


0.00 


0.00 








TEST#fi 
IstStage 
2nd Stage 
3Td Stage 
4th Stage 


5.63 


39.87 


10.09 


3.77 


26.28 


6.82 


4.04 


28.49 


7.38 


1.62 


11.06 


2.93 


2.30 


16.07 


4.24 


0.76 


4.98 


1.34 


1.04 


7.08 


1.94 


0.00 


0.00 


0.00 








TEST #7 
IstStage 
2nd Stage 
3rd Stage 
4th Stage 


5.38 


37.91 


9.47 


3.77 


26.28 


6.82 


3.67 


25.69 


6.59 


1.62 


11.06 


2.93 


1.83 


12.59 


3.29 


0.76 


4.98 


1.34 


0.78 


5.26 


1.37 


0.00 


0.00 


0.00 








TEST #8 
IstStage 
2nd Stage 
3rd Stage 
4tb Stage 


5.60 


39.57 


10.04 


3.77 


26.28 


6.82 


5.07 


35.90 


9.13 


1.62 


11.06 


2.93 


3.05 


21.41 


5.57 


0.76 


4.98 


1.34 


1.61 


11.11 


3,00 


0.00 


0.00 


0.00 
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0.59-0.27(2.704) 
= « -0.52 

0.86^0.27(2.704) 
0.27 

1.11-0.27(2.704) , ^, 

Z)Fi II = i i«1.41 

0.27 

With 0.S9 lb water/lb FSAR, the flow rate of shower liquor in the (n)th stage is 
not enough to displace the pulp's liquor from the (n-l)th stage. Under this condition, 
there always will be liquor carryover from the (n^I)th stage going to the (n+IJth stage 
and the washing operation is hindered. The amount of fresh water required to achieve a 
DF of zero (that is, to just theoretically displace the liquor from the previous stage) is 
0.73 lb /lb ofFSAR 

The Chemi-Washer normally operates with a Dilution Factor of 1.0, which will 
require the usage of 1.0 lb water/lb FSAR for effective washing 



Pulp Pads and Washing Efficiencv : 

Table DC shows a summary of the pulp pads analyses and the calculated washing 
efficiency results based on the data provided by NREL. Their consistency data were 
significantly higher than ours. Perhaps this difference was due to the &ct that some of 
the pulp pad's liquor had to be squeezed out of the sample for analysis prior to nmning 
the consistency test. We felt that our consistency data for such samples was more reliable. 

Based on the customer specifications and the analysis of acetic acid and sugars in 
the FSAR, the removal efficiencies of such entities should be: 

% For process 100, the minimum removal efficiency is 83,8% [(20.36 - 3.3)/20,36]; 

preferably 91.9% [(20.36 - 1.65)/20.36] at a discharge consistency of 27%. 
% For Process 300, the minimum sugar removal efficiency is 95% or 0.65 g ghicose and 

4.52 g xylan per Kilogram in the final pulp's liquor at 27% consistency. 

From our lab-generated data and the liquor's analyses, we ran a series of 
WINGEMS simulations at different fresh water additions on a four-stage countercurrent 
washer. In general, we found an excellent agreement between the reported data and the 
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WENGEMS-generated data. The only exception was again found in the sugars and acetic 
acid concentrations in the final pulp pads. According to WINGEMS, the concentration of 
such entities should be 2.4 to 2.7 times Ugher than that reported. 

From the data on Table DC, we can see that the customer's specifications for the 
final pulp could be reached with a 4-st8ge washer operating at a DF of 1.4 (1 . 11 lb water / 
lb FSAR). However, as mentioned before, WINGEMS rendered a different set of data 
for the washed pulp. Table X shows the WlNGEMS-predicted concentrations of sugars 
and acetic acid in the washed pulp's liquor under our lab conditions as a fiinction of 
dilution &ctor 



TabloX: Concentrations predicted by WINGEMS In wasfted pulp. 
4'Stage countereurrBnt washing at different Dilution Factors 





Fresh Water 
lb /lb FSAR 


Dilution 
Factor 


G 
ms/ml 


X 
mg/ml 


AA 
mg/ml 






0.73 


0.0 


2.64 


18.05 


4.34 


0.87 


0.5 


2.33 


15.87 


3.79 


1.00 


1.0 


2.12 


14.39 


3.42 


1.14 


1.5 


1.97 


13.34 


3.16 



From table X we can notice that a 4-stage washer will render a washing efficiency 
marginal for acetic acid but unacceptable for sugars. The simulation data at 1.14 lb of 
fresh water per pound FSAR is shown in the Appendix. 



In '"leal mode" operation, the dilution liquor must be provided by pumping all the 
filtrate from the first stage plus some of the formation zone filtrate back to the Chemi- 
Washer's Headbox. Since a 4-stage washer is just marginal for acetic acid removal and 
we already have enough fresh water addition, we should try a 5-stage washer. Table XI 
shows the WINGEMS-predicted concentrations of sugars and acetic acid in Ae final 
pulp^s liquor using a S-stage washer as a fiinction of the fresh water addition. 
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Table XI: Concentrations predicted by IMNGEMS in washed pulp. 
"Real mode" operation with S-StaQO countercurrent washing 





Fresh Water j 
Ib/lbFSAR 


Dilution 
Factor 


G 
mg/ml 


X 
mg/ml 


AA 
mg/ml 






0.73 


0.0 


2.3 


15.9 


3.5 


0.87 


0.5 


1.8 


12.1 


2.6 


1.00 


1.0 


1.4 


9.6 


2.1 


1.14 


1.5 


1.2 


7.9 


1.7 



From table XI we can see that the specifications for Process 100 are met even at a 
dilution factor of zero. Therefore a 5-stage Chemi- Washer will be perform satisfactorily. 
A WINGEMS simulation under these conditions is also attached in the Appendix. 



Accordmg to Table XI, the washing efficiency for sugars with a 5-stage washer is 
still low, around 91 percent, at a dilution factor of 1 .5, To meet the required efficiency for 
sugars we have to add another washing stage. 

Using WINGEMS to simulate a 6-stage washer, we found that the specifications for 
sugars can be met by using 1.41 lb of fresh water per pound of FSAR, equivalent to a 
dilution fector of 2.5. This additional washing stage, coupled with the increased filtrate 
handling requirements (24 percent more as compared to a dilution factor of 1.5) translates 
into a much larger drainage table area. A WINGEMS simulation with these conditions is 
also attached in the Appendix. 



Solids loss in Fomfiatlon Zone : 

From the Data Sheets, the grand average weight of the washed pulp pads was 15.6 
oven-dry grams. For each drainage test, we used 18,9 oven-dry grams (67.2*0.281) of 
pulp. Therefore 3.3 grams of solids (mostly fines) were loss in the Formation Zon^ 
equivalent to 17.5% of the initial load. 

The suspended solids content (by triplicate) of the Forming Zone filtrate was 
6.08%. A mass balance around this zone, knowing that the 100.8*0.0145 = 1.46 grams 
of suspended solids are being loaded by the dilution liquor, yielded a solids loss of 19%. 

The solids carried in the Formation Zone filtrate are composed mostly by fines^ 
which are very difficult to retain by dther the pulp mat or the wire. 

If the excess liquor from the Formation Zone is sent upstream the Chemi-Washer, 
then a device should be installed (for example, a Dissolved Air Flotation clarifier) to 
separate the fines from such liquor and avoid a **doom loop" of fines around the washing 
process. 
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CHEMI-WASHER SIZING 

According with the process data provided, we should design a Chemi-Washer 
able to wash, to the required efficiency, 478,700 pounds per hour of biomass at 27.8% 
solids or -1,600 oven*dry short tons per day. 

Based on the drainage rate data and using our proprietary sizing criteria, the 
production requirements will not be achieved with one single machine. Since the 
washing ef&ciency specifications are different for acetic acid and sugars, the best options 
are: 

1. For Process 100, use three (3) Chemi- Washers, 8 meters wide by 20 meters long 
running with 5 washing stages at a dilution factors 1.0 to l.S. 

2. For Process 300, use four (4) Chemi-Washers, 10 meters wide by 22 meters long 
running with 6 washing stages at a dilution factor of 2.S 

For either Process, the dilution water (1.5 lb water / lb FSAR) required to pump 
the FSAR to the Chemi-Washer*s Headbox will be supplied by mixing all the filtrate 
from the 1^ stage and some of the Fonning Zone filtrate to the FSAK The excess 
Forming Zone filtrate with its associated suspended solids should be fed to a fines-liquid 
separator, such as a Dissolved Air Flotation clarifier to prevent fines buildup in the 
washing loop. A sludge thickener should also be installed to extract as much as possible 
of such liquor in the separated shidge. 

Because of the acidic properties and temperature of the FSAR, all of the Chemi- 
Washer's wetted parts as well as the hood should be build of 31 7L stainless steel. 
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TO: 

COPY TO: 
SUBJECT: 
DATE: 



MEMSBANEUM 

Ms. Andrea Slayton, Harris Group, Seattle, WA 
Dr . Julio hbldanado, InterCorr International 
Corrosion Testing Results in NKEL Solutions 
January 18, 2000 



INTROEUCTICN: In accordance with your recent request, I have 

^.^^^.^ , ^ ^ review the resxolts of the laboratory corrosion 

fo^ ^^^^?^ S^w?""- ^^Idanado relative to the proposed process 
Sf fn^?X ^S"" bioioasses to ethanol in the presence of dilute 

elevated temperatures. Vfy observations and 
conclusion are as follows. 

QBSERVATIOIS: Tests of 24-hours duration were conducted at 190°C 
of 0 6% «nw 1 c.^^^'^fJK^'^ ^lO-C .(410''F)in actual NREL solutions 
or u.6% and 1.5% sulfuric acid concentration. A solution in which 
^VL^^ ^ artificially raised to 2.5% H,SO, was 

also tested at BO'C (175T) . Following are general corrosioA ri?es 
in mils per year (ropy) and pit depth in mill in 24 hoSs! 



ALLOY'S 


2.5% H,S04 


■ 1.5% H,S04 


0.6% H}S04 




80'C 


210 *C 


190'C 




lapy 


mpy 


Pitting 




Pitting 


Alloy 2QCb3 


16 


800+ 


3 


14 


0 


Alloy 825 , 


3 


4 00+ 


.3 


8 


0 


Alloy G-30 


3 


400+ 


2 


7 


<1 


Alloy 027 6 


6 


"50 


0 


15 
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Alloy 2000 


4' 


140 


0.5 


11 


0.5 


Zirconium 702 


Not run 
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0 


6 


0 
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It should be noted that pit depth cannot be extrapolated to an 
annual rate (as one can with general corrosion) because pits may 
be arrested as new pits are incurred at other sites. Nevertheless, 
pitting and crevice corrosion indicate potential problems in the 
long run. 

CONCUJSIONS: In the 80^C liquor at 2.5% H2SO4, Alloys 825 and 
G30 appear to be the obvious choices, with rates 
of <5 itpy. The latter may cost a little more and probably adds 
little in the way of improved resistance. 

With 0.6% H,S04 at 190 "^C, alloy 825 (UNS N08825) or Alloy G- 
30 look to be acceptable (with an adequate corrosion allowance) 
and would be far less expensive than zirconium (R70200) . However, 
only the alloy 825 is devoid of pitting. The higher rates, for Ni- 
Cr-Mo alloys suggest the presence of organic compounds capable of 
complexing nickel, such as amines. Also, it should be noted that 
even a rate of 5-6 itpy for zirconi\jm might be unacceptable because 
of ix>ssible hydriding. Although the actual metal loss for zirco- 
nium is small, absorption of nascent atomic hydrogen at the local 
cathodes may cause hydriding, embrlttleiaent and generally unac- 
ceptable mechanical properties. 

Obviously, none of the superaustenitic alloys are resistant 
with 1.5% H2SO4 at 210'C. Alloy C276 is more resistant to pittinc; 
and crevice corrosion under these conditions than are the other 
nickel-rich alloys but is unacceptable in terms of general corro- 
sion. Zirconium reiaains a possibility even \mder these rigorous 
conditions. 

I believe the alloys of choice are Alloy 825 and AJl^loy G30, 
subject to actual experience and evaluation. 

If we can be of further service, please call on us. 

Respectfully submitted. 
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Experimental Plan EPD0002 
lOOL SSF of Pretreated YeUow Poplar 

Purpose: 

Hiis lOOL SSF will provide material to the Process Engineering Team for further solid/liquid 
separation studies. 

Procedure: 

Fermentor set-up: Batch 160L PDU vessel 445 A with 100 kg of 6% celluiosic solids ('^10% 
w/w total diy solids) and yeast extract/peptone medium and sterilize. At inoculation, add 25 
FPU/g cellulose (-2.7 L of en2yme) to the vessel. Inoculate fermentor using the transfer line 
between the 20L seed vessel and the 160L. 

Solids Preparation: An SSF shake flask experiment was conducted comparing unwashed 
pretreated soUds to a 2-volume wash and fully washed pretreated solids. There is indication that 
a lag in the fermentation occurred in the partially and unwashed spfids flasks (analytical analysis 
is still pending). We are going to go ahead with a wash step. The solids will be slurried in two 
volumes (one volume of wash is equivalent to an equal weight of water and as is solids) and 
allowed to settle. The water will be decanted and another two volumes of water will be mixed 
with the solids, the solids will be allowed to settle and the water will be decanted. The water 
volumes will be tracked so that the amount of water left with the soUds will be knoAva The slurry 
will be added to the fermentor and sterilized. 

Strain/Inoculum Procedure: Saccharomyces cerevisiae D5 A. Two mL of frozen culture will be 
inoculated into 100 mL of YPD medium, incubated overnight (-'16 hours), transferred to IL of 
YPD and incubated for about 12 hours then transferred to lOL of YPD. Again, the culture will be 
incubated for 12 hours thm transferred to the lOOL SSF vessel. 

Media: 6% w/w celluiosic solids (^^10% total dry solids) 
0.5% w/w yeast extract 
1.0% w/w peptone 
lOOL working volume 

Fermentation Conditions: Temperature 'iTC 

pH 5.3 controlled with 2N NaOH 
Agitation 100-150 rpm depending on mixing 
10% v/v inoculum transfer (about and O.D. @ 600 nm of 0.5) 
25 FPU/g cellulose of commercial enzyme (CPN 55 FPU/mL) 

Analytical: Ethanol measurement by GC, glucose by YSI, solids analysis of solid residue before 
and after SSF is completed. 

Post SSF: The vessel will be pasteurized at 9(fC for 30-45 minutes to deactivate the enzyme and 
yeast This will also reduce the ethanol in the broth because of evaporation. 
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Introduction 

TVA received approximately 5000 lb. oPA inch, wet, pulp-size aspen hardwood chips 
fiom NREL contained in boxes ranging fix)m 800- 1 ;200 lb. each. Using these wood chips, 
TVA conducted two tasks for NREL. First, the wood chips were used to produce 650 gallons 
of hydrolyzate slurry using low concentration acid hydrolysis in TVA's biomass pilot plant 
Before this could be done, the equipment had to be modified to bypass die screw press. The 
mqiressed sluny was then collected in 55 gallon drums, some of v/bich were shii^)ed to NREL 
fortesting. A sanq)le of each dnmi was kept by TVA for laboratory analysis. 

The second task conducted by TVA was second stage hydrolysis in a lab-scale reactor. 
Ihe pretreated solids fiom the first stage hydrolysis were used to produce about 4 liters of 
hydrolyzate. A small san5)Ie of the liquid was kept by TVA for analysis, and the remaining 
liquid was then shipped to NREL for testing. The resdts of the two tasks wiU be summarized in 
this report. 

Task 1 — ^Production of First Stage Pretreated Biomass 

The reaction vessel used in the first test was a zirconium- lined digester manufactured by 
Sunds Defibrator, Inc. The continuous reactor is equq>ped widi a conq)actor screw at the inlet 
where the feedstock was fed to the agitated sluny. Afier the set retention time, die slurry was 
then released to a receivuig vessel before being stored in the drums. 

Wood chips were tested in the laboratory for moisture content. It was determined that 
the chips had a moisture content of 44%. The wood chips were fed to the hydrolyzer at a rate 
of 200 Ib/hr which correlates to a feed rate of 1 12 Ib/hr of dry wood and 88 Ib/hr of water. In 
addition, a dilute acid solution was fed at a rate of 260 Ih/hr and steam was fed at a rate of 100 
Ib/hr. Ihe feed rates chosen gave a Uquid/solids ratio of 4: 1 and an acid concentration of 
0.55% in ttie liquid phase. Both ttie liquid/solids ratio and the add CQncentiation values were 
requested by NREL. The test was conducted at a tenq)erature of 343*^? and a pressure of 1 12 
psig. A retention time of IS minutes was chosen for the test 



PUot Plant Performance 



2 



1 



The pilot plant was operated for two days for a total of approximately 18 hours. On 
the first day, the plant ran for approximately 6 hours. During this time, plant shakedown was 
conducted, ensuring that the nin would go smoothly. The shakedown included testing the 
operation of valves and screws, removal of the screw press, and the installation of a chute used 
to fill ttie drums. On the second day, ttie plant operated satisfactorily. The requested 6S0 
gallons of sluny was produced 



Material Balances and Flow Diagram 

Preliminary material balance calculations were performed based on a moisture content 
of 44% in the wood chips, a maximum wood chip feed rate of 200 Ib/hr, and a steam feed of 
100 Ib/hr. From these calculations, it was d^ermined that an acid flow of 260 Ih/hr would give 
the desired 4:1 liquid-to-solids ratio. Below, Figure 1 gives a grE^hical represmtation of these 
flows. 



Figure L Theoretical Material Flows and Flow Diagram 



Steam 
100 Ib/hr 



Wood 

44% Moisture , 
200 Ib/hr ' 





Hydrolyzer 
7F 



8.2% Acid 
260 Ib/hr 



Receiver 



Product ■ 
560 Ib/hr 



To Drums 
— > 



Readings of&e process variables were taken every thirty niinutesdi^^ Time- 
weigihted averages of these variables are shown in Figure 2. 
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Figure 2, Actual Average Material Flows and Flow Diagram 
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Preliminary Results 

The liqiiid fix>m the samples collected ftom four dnims (1 1, 13, 14, and 16) during the 
first stage hydrolysis conducted in the pilot plant was separated fix)m the solids and analyzed in 
the laboratory for sugar content, acetic acid, HMF, and fu^ In addition, the moisture 
content was analyzed for drums 11 and 16. There were three moisture tests for each drum, ttie 
average moisture content for drums 1 1 and 16 was 59.7% and 59.3%, respectively. The 
results ofthe analysis are given in below in Table L 



Table L Composition of First Stage Hydrolyzate from Pilot Plant in mg/mL 



Drum 


Glucose 


Xylose 


Galact. 


Arab. 


Mann. 


Acetic Acid 


HMF 


Furfural 


11 


9.90 


76.20 


<1.25 


2.25 


11.70 


21.10 


0.29 


1.60 


13 


11.60 


62.90 


<1.25 


1.90 


8.40 


18.00 


0.36 


1.78 


14 


11.60 


80.00 




1.90 


9.33 


19.80 


0.31 


1.74 


16 


10.70 


82.00 


<1.25 


2.25 


11.70 


21.20 


0.31 


1.60 



Task 2 — Production of Second Stage Pretrcated Biomass 

Second stage hydrolysis was conducted in the laboratory on a sample of the first stage 
hydrolyzate slurry fiom the pilot plant The reactor used in this process was a 2-gallon Pair 
batch reactor. Using a retention time of 2 minutes, flie material was continuously stiired at 
210^C. 
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Preliminary Results 

The liquid fiom the second stage hydrolysis piocess was separated fiom the solids and 
analyzed in the laboratory for sugar content, acetic acid, HMF, and fiirfural. The results of Ae 
analysis are given below in Table 2. The first set of data, labeled Sample A, was the original 
composition of the sample of first stage soUds from the pilot plant before second stage 
hydrolysis was conducted This was included for conq)arison with the second stage 
conq)Ositions. Runs B, C, and D show the conq)ositions of the hydrolyzate samples after 
second stage hydrolysis was conducted. 



Table 2. Composition of Second Stage Hydrolyzate from Lab in m; 



Sample 


Glucose 


Xylose 


GaiacL 


Arab. 


Mann. 


Acetic Acid 


HMF Furfural 


A 


11.10 


74.40 


3.75 


2.11 


1.02 


20.30 


0.26 1.52 


B 


57.37 


<0.50 


<0.50 


<0.50 


<0.50 


1.97 


6.03 2.01 


C 


55.87 


<0.50 


<0.50 


<0.50 


<0.50 


1.96 


6.23 6.25 


D 


54.30 


<0.50 


<0.50 


<0.50 


<0.50 


2.28 


6.02 2.02 



Conclusions 

First stage hydrolysis of the wood chips resulted in an average ?grlose concentration of 
75.2 mg/mL. Though the raw chips were not analyzed for hemicellulose content, the relatively 
high xylose concentration suggests a high conversion efficiency for die first-stage hydrolysis step. 
Furfiiral concentrations were at low levels (1.6-1.78 mg/wL) which indicates a small amount of 
product degradation 

Second- stage lab hydrolysis conditions resdted in somewhat lower concentrations of 
glucose in the hydrolyzate stream. HMF concentrations were high indicating significant 
degradation of the glucose. It is recommended that subsequent second stage hydrolysis tests be 
conducted using slig^y milder conditions. 
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